Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



2 STEAM ENGINEERING 

of teniperature of a gas its volume will be increased or diminished 
by a fixed fraction of its original volume, the pressure remaining 

unchanged. This fraction has been computed to be — = 

273 

0.003663 on the Centigrade scale, and — « 0.0020284 on the 

493 

Fahrenheit scale, the temperature of the original volume being 
that of melting ice. 

4* Absoiate Zero of Temperature. — If a colunm of air whose 
height is imity and temperature that of melting ice be confined 
in a tube and separated from the atmosphere by a piston which 
is free to move in the tube, and it then be exposed to the steam of 
boiling water, the pressure remaining constant, the temperature 
of the inclosed air will rise to 100° C, or to 212^ F. The volume 
of the air will then be, by Charles's law, 

I + (100 X 0.003663) = 1.3663, 

or I + (212 — 32) 0.0020284 = 1.36511. 

This unit volume of air having expanded the fraction 0.3663 
of itself by raising its temperature 100° C, or the fraction 0.365 11 
by raising its temperature 180° F, it follows that the expansion 
will reach the volume of unity, or the original volume will be 
doubled, when the temperature is raised through x degrees, thus: 

0.3663 : 1 : : 100 : Xy whence « = 273° C, 

or 0.365 1 1 : 1 : : 180 : x, whence x = 493° F. 

It follows by the law of Charles that if the \mit volume had 
been cooled through 273° C, or through 493° F, there would be 
no existing volume. . This point is called the absolute tero of 
temperature, and temperatures reckoned from this point are 
called absolute temperatures. 

The absolute zero is then 273° below the zero of the Cen- 
tigrade scale, and 493° — 32° = 461° below the zero of the 
Fahrenheit scale. To convert temperatures measured on the 
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The production of this volume was prompted by the ap- 
parent need of a text-book that would present concisely to 

students of universities and ot advanced secondary technical 
institutes the principles and constructive details of the make-up 
of a steam power plant, together with such calculations as are 
necessary for a practical knowledge of steam engineering. The 
manifest mistake is too commonly made of introducing the sub- 
ject to engineering students through the medium of texts that 
treat it Ihermodynamically, accompanied with such abstruse 
calculations and consequent maze of higher mathematics that 
the result is bewildering rather than instructive. 

It has been the aim in this text to present in a clear and sys- 
tematic manner, involving no greater degree of knowledge of 
physics and of higher mathematics than the class of students for 
which it is intended should possess, the principles and action of 
the reciprocating steam engine, of the steam turbine, of the 
steam boiler, and of their accessories, Ij^ mastery may be 
followed profitably by the study of the excellent advanced texts 
now extant. 

No claim of originality is made for the matter contained in 
the book, but meilt js claimed, for its , systematic arrangement 
and for the simphdty of treatment oi tlie subjects involved. 

I acknowledge havir:g drawn from sources of engineering 
information other than those credited in the text, and express 
obligation to my assistants iiv engiHcenng. Charles Ernest Conway 
and Samuel P. Piatt — to the former for valuable aid and 
suggestion and to the latter for the care in which he made the 
tracings for many of the cuts. 

WILLIAM R. KING. 

Baltimore, January i, 1913. 
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STEAM ENGINEERING 



CHAPTER I 
INTRODUCTORY 

1. Kinetic Theory of Gases. — A gas may be defined as a 
fluid of such nature that if a certain volume of it be admitted 
into a vessel it will distribute itself throughout the vessel, what- 
ever the volume of the vessel may be. According to the kinetic 
theory, the molecules of a gas are in a state of rapid motion in 
straight lines, and as a result of their collision with each other 
and with the walls of the containing vessel pressure is exerted. 

2. Boyle's Law. — The law of Boyle, sometimes attributed 
to Mariotte, may be stated as follows: 

The pressure of a mass of gas at constant temperature varies 
inversely as its volume. 

In other words: 

The product of the pressure and volume of a mass of gas is a 
constant quantity as long as the temperature is constatU. 

The algebraic expression for Boyle's law is 

in which P is the pressure in any units, usually in pounds per 
square foot, V the volume in cubic feet, and C a constant quantity 
to be determined experimentally for a particular gas. 

3. Charles's Law. — The law of Charles, sometimes attributed 
to Gay Lussac, asserts that all gases have the same coeflGicient 
of expansion, and this coeflScient is the same whatever the pres- 
sure supported by the gas. Hence, for each degree of rise or fall 
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and yet, notwithstanding this large absorption of heat, the 
temperature remains at 212° F. Since this heat has changed 
the state of the water from that of a liquid to that of a gas with- 
out raising its temperature, it is, from our definition, latent. 
We know, however, that the only manner in which heat energy 
can disappear as heat is by its being transformed into some 
other form of energy or in the performance of work; and in 
order to understand what has become of this large quantity of 
heat we must inquire as to what work has been done. 

In the first place 180 units were absorbed in raising the temper- 
ature of the water from 32° to 212°, and this we know as the 
sensible heat. This change of temperature is practically the only 
change effected up to that point of the process, as the expansion 
of the water in rising from 32° to 212° is extremely small and 
may be disregarded. The effect of the heat abstracted from the 
source of heat and communicated to the water up to this point 
has been only to raise the temperature of the water. 

Steam of a pressxire of 14.7 pounds per square inch has been 
foimd to occupy a volimie 1644 times that of the water from 
which it was generated, that is, a cubic inch of water is con- 
verted into 1644 cubic inches of steam at atmospheric pressure 
of 14.7 poimds per square inch. The steam from one pound of 

water will thus have a volume of — ~ — ^-^ = 26.36 cubic 

1728 ^ 

feet. In expanding to this volume under atmospheric pressure 
it will necessarily have performed external work to the extent 
of 26.36 X 2 1 16.8 = 55,798 foot pounds. This, perhaps, may 
be more clearly seen if we disregard the pressure of the atmos- 
phere, and assume that the steam expands in the tube under 
a piston weighing 14.7 X 144 = 2116.8 pounds, which it will 
evidently have to lift in the tube through a height of 26.36 feet. 
The heat required to convert the water at 212° F into steam 
of the same temperature has been found by experiment to be 
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965.7 thermal units, or to 965.7 X 778 = 751,315 foot pounds, 
and of this, 55,798 foot pounds are accounted for in the external 
work as shown above, leaving 751,315 — 55,798 = 695,517 foot 
pounds as the mechanical equivalent of the internal work, or 
of the heat absorbed in effecting the expansion against the 
internal or molecular forces. 
Of the total quantity of heat energy imparted to the water 

' =180 thermal units have been expended in increasing 
778 

the temperature of the water by 180°; "^'^ ^ = 893.98 thermal 

778 

units have been expended in the internal work of expanding 
the steam against molecular forces; and ^^ = 71-72 thermal 

units have been expended in the external work of overcoming 
the resistance of the atmosphere which opposed the expansion 
of volimie. The sum of these three quantities of heat, that is, 
the sum of the units due to the sensible heat, the internal work, 
and the external work, is known as the total heat of steam, or the 
total heat of vaporization, and is, in this case, 180 + 893.98 + 
71.72 = 1 145.7 thermal units, which is the total heat of one 
pound of steam at temperature of 212° F; that is, it is the units 
of heat required to evaporate one pound of water from 32° F 
into steam at 212*^ F. A more accurate determination of this 
quantity makes it 1 146.6 B.t.u. 

The results of very careful experiments have shown that the 
total heat of steam increases but slightly as the temperature 
increases, the increment of increase being 0.305 of a thermal unit 
for each degree of increase in temperature. This fact enables 
us to deduce a formula for ascertaining the total heat of steam 
of any temperature. Thus, knowing the total heat of steam at 
212*^ F to be 1 146.6 units, we wiU have for the total heat, Ht, 
at any other temperature t, reckoning from 32°, the formula 

Hi = 1146.6 +0.305 (/ — 212). 
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It will be convenient to change the form of this expression a 
follows: 

fl,= 1146.6 + 0.305 (( - 212) = 1146.6 + 0.305 [/- {32 + 1& 
= 1091.7 + 0.3050 -32). 

The sum of the two quantities of heat that disapi}ears, n ' 
senting the internal and external work, is equal to the total 
minus the sensible heat, above 32°, and is known as the 
heat of vaporization, or the latent heat of steam und 
given pressure, and equals in this case 893.98 + 71.72 
thermal units. 

It has been experimentally detennined that the incr 
decrease in the latent heat of steam is 0.7 of a therm:i 
each degree of increase of temiJerature. We can, thei 
duce a fonnula for ascertaining the latent heat of sti 
temperature. 

Thus, knowing the latent heat of steam at 212" -_■ 

units, we will have for the latent heat, Hi, at any U — z.a 
reckoning from 32°, 

Si = 9657 - 0-7 (.i - 312). - - ^™ 

We may change the form of this formula in or - = ^^rm^ 
very similar to that for the total heat and, coi 
easily remembered, thus 

B, = 965.7 - 0.7 (/ - 212) =- 965.7 - 
- 1091.7 - 0.7 (/ - 

The total and latent heats are among t 
which have been tabulated for t 
The results obtained by the formulas givt 
exactly with those tabulated, but in thc 
they may be used without very serious ■. 
of saturated steam, so very essential in - 
steam engineering, were originally detef' 
as tabulated by Marks and Davis are z 
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results that are very approximately correct, but values for p 
and V should be taken from the table of the properties of satu- 
rated steam when available. 

Example I, — Find the volume of a pound of steam at 280 
pounds absolute pressure. 

Solution. — pv^ = 482, whence v^i = ^« 

\i log V = log 482 — log 280. 
482 log 2.68305 
280 log 2.44716 

log 0.23589 llog 9.37271 - 10 
16 log 1. 20412 
17 colog 8.76955 - 10 

t; = 1.6674 log 0.22202 llog 9.34638 — 10 

Example II. — Find the volume of a pound of steam at 500 
pounds absolute pressure. 

Solution. — pv^'^ = 482, whence ^ log v = log 482 — log 500. 

482 log 2.68305 
500 log 2.69897 

log 9.98408 — 10 
log (— ) 0.01592 llog (— ) 8.20194 — 10 

16 log 1. 2041 2 
17 colog 8.76955 - 10 

— 0.01498 llog (— ) 8.17561 — 10 
V = 0.9661 log 9.98502 — 10. 

PROBLEMS 

1. The specific heat of mercury is 0.033. How many pounds of it at a 
temperature of 240° will be necessary to raise the temperature of 12 pounds 
of water from 50° to 58°? Ans. 16 pounds. 

2. Work at the rate of a horse-power is expended for an hour in creating 
friction, the heat from which is all conmiunicated to 10 cubic feet of water 
contained in a non-conducting tank. The original temperature of the 
water was 60**. What will be its temperature at the end of the hour ? 

Ans. 64.1**. 

3. Find the volume of one pound of steam at the absolute pressure of 
515 pounds. Ans. 0.9396 cubic foot. 
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and the pressure will not increase until i i 
that corresponding to the atmospheric pi' 
steam commences to be given off, and 
pressure rise. It is thus seen that the ai 
steam is in excess of the gauge prus.-: 
to the atmospheric pressure. In our 
evaporation does not continue until ;.. 
as the amount of water is so lurj^c • 
of the boiler — from 65 per cent to 
the boiler — that the desired pro- 
small portion of tlie water has In ■. ^ 

24. Formula Connecting Press 
relations between the pressuri* 
very complicated, and for pnu ■ 
best ascertained from tlie t:i! 
steam.. Many formulas ha\i 
tions, but most of them artf i 
of logarithmic form the uv 

Rankine gives the foII( 
ature and pressure of sa: 
rate results: 






in which T is the a^ 
pounds per square i: 
log 5 = 343642, ai. 
25. Formula Coi 
As will be seen lai 
pressure and volui 
a constant quaiui 
the value |^, and 
we shall have /.»: 
square inch, and 



FUELS AND COMBUSTION 23 

The presence of oxygen in coal really detracts from its heat 
value, for it is known to combine with one-eighth of its weight 
of hydrogen to form water — existing as moisture in the fuel — 
and only such hydrogen in excess of one-eighth of the oxygen 
can be coimted upon in estimating the heat value of coal. 

The ash of coal, in quantities varying from 3 per cent to 10 per 
cent, is the residue left after combustion, and is due to the 
presence in the coal of inert mineral compounds. 

28. Classification of Coals. — There is some diversity in 
the classification of coals, but in general terms they are de- 
termined by the proportions of volatile hydrocarbons in their 
compositions. 

Coal containing from 5 per cent to 12 per cent of volatile 
matter is classed as anthracite ^ from 12 per cent to 25 per cent 
as semi-bituminous y from 25 per cent to 50 per cent as bituminous, 
above 50 per cent as lignite. 

29. Anthracite Coal. — The hard coal known as anthracite 
makes an intense fire and when dry bums without smoke and 
with little flame. It contains from 80 per cent to 90 per cent 
of carbon, and is much more expensive and far less abundant 
than the soft bituminous coal. 

30. Semi-bituminous Coal. — The coal known as semi-bitu- 
minous contains from 70 per cent to 80 per cent of carbon, but 
is richer in hydrogen than the anthracite variety. It is usually 
low in sulphur, ash, and moisture, and is regarded as the best 
steaming coal. 

31. Bituminous Coal. — Bituminous coal contains from 50 per 
cent to 70 per cent of carbon. Its high percentage of volatile 
matter is rich in oxygen which injuriously affects its heating 
value. Bituminous coal contains no bitumen, its name being 
due to the fact that its behavior when heated is similar to that 
of bitumen, that is, it generally fuses, or cakes, when giving off 
its volatile matter. 
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CHAPTER :. 
FUELS AND COM^ 



26. Fuels. — The fuels comni 
are coal, coke, wood, and oil. 

27. Coal. — Coal is an ins(>l': 
distributed over the earth air! « 
cation of the sciences. Owir 
is the fuel generally used in if 
that precautions may be l:il.' 
processes through which it ; 
understood. 

Coal consists of carbon ' 
ash, and moisture in vary?' 
producing elements arc ( 
carbon appears in both • 
proportions by weight <• 
hydrogen in projwr I ion- 
combination with l)oth ■ 
latter in the proix)rtion- 
quantities in combin;n 
is, on the whole, (Kn- 
being more than ^' 
moting spontaniov- 
use in the forgi- wh. 
cent. 

The nitrogen ■ 
influence, but ;! 
products of I"! 
ature. 
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-i.Licrous. The residue, which is used for 
: cent to so per cent. 
— lO which fuel oil must be heated to cause it 

which produces an explosive mixture when in 
is known as the flash point, and the temper- 
'; ihc vapor given off will burn continuously is 
firing point. Experience has shown that a flash 
!j 150° F and 160° F is amply high for safe stor- 
for vessels of war the limit of 200° is fixed. The 
! is usually 50° F above the flash point. As an aid 
nical combustion, fuel oil should be heated immediately 
' ^ ing burned, as heat deprives the oil of its viscidity and 
n» deprive it of any water it may contain, 
.iinple of good fuel oil shows by analysis an averL^e com- 
'finn of: Carbon, 87.6 per cent; hydrogen, 10.8 per cent;* 
•yiTt^n, 1.25 per cent; and a corresponding heat value of about 
TO. 400 B.t.u. 

For the complete combustion of fuel oil it is absolutely neces- 
sary that the oil be reduced to a fine spray and be brought into 
contact with the proper amount of air. The usual arrangement 
for firing is to use a steam jet to force the oil into the furnace 
through burners in the shape of spray, and at the same time in- 
duce an air supply to mix intimately with the oil. Compressed 
air, instead of steam, is sometimes used to atomize the oil at the 
burner, but this method requires about as much steam to operate 
the air compressor as would be necessary to furnish the atomizing 
jet, and involves the additional complication of an air compressor. 
Another system of mixing the oil and air, known as the me- 
chanical spray, consists in forcing the oil in a conical form, and 
with a whirling motion, through the burner, the oil being sub- 
jected to a pressure of from 100 to 200 pounds. The air enters 
through a cone enveloping the burner and mixes mechanically 
with the oil in the furnace. 



a6 STE-Ur EXGI>rEERING 

Among the aih'atttsgEs ckimed for fuel oil are; 

1. The higher heat value per unit of weight than that of coal. 

2. A deczease in the loss of heat thiough the smoke pipe, 
due to cleaner Cubes and the smaller amount of aii that passes 
thiou^ the fumace to efiFect combustion. 

3. The ease with which the dre can be regulated, extinguished 
in an ^nergency. and relighted. 

4. Xo cleaning of nres. and the elimination of smoke. 

5. Great sa\'ing in labor, one man with oil doing the work 
of about four men operating with coal. 

37. Combnstioa. — Combu^ition in a fumace is a rapid oxida- 
tion caused by the chemical union of the ox\*gen of the air with 
■l^: ".; ■ ■ ■-' — . 1- * -"''"h.rr of the fuel, heat being pro- 
d'^r_-: I '- t**" im. ;«s-. I .... • . ■ • -.:.:-, .h .: :oal consists largely 
M c..r'>-. ■ ' '.- - i.- ■ r i--, -n combination with 

hydrogen, forming hydrocarbons, iae:^: \oiatile hydrocarbons 
are solid at ordinar>- temperatures, but when heated to a degree 
below that necessan' for combustion they take the fonn of 
gaseous combinations of carbon and hydn^n which readily 
decompose under the action of heat, the elements becoming 
more distinctly separated as the temperature rises. When under 
the influence of a temperature sufficiently high the hydrogen 
and carbon become entirely separated, and as each of these 
elements has a stronger affinity for oxygen than for each other 
they will, if the supply of air be just sufficient, combine with 
ox>'gen separately and burning ensues. L'nder such conditions 
combustion would be perfect, with no formation of soot or 
snoke, the results being carbonic acid (CO:^. superheated steam 
mpKiceas of falling to water, sulphurous acid gas (SOi), and free 
The earthy impurities, varj'ing in amount from 3 per 
ttD m per cent, form the residue of ash and clinker. 

KtkK sippLy of air through the ash pit be insufficient for 
1, or if it be not perfectly mixed with the 
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gases, the result of the union will be carbonic oxide (CO), which 
produces less than one-third the heat due from the production 
of CO2; and unless provision is made for the admission of air 
above the fuel to supply oxygen to convert this CO into CO2, 
much of the carbon escapes unconsiuned, resulting in a loss of 
fuel, the production of smoke, and the deposit of soot in the 
tubes and uptakes. The prevention of smoke is possible only 
when the supply of air to the gases is sufficient when they are 
at the temperature of ignition, and as the gases pass oflf very 
quickly from the furnace it has been found to be necessary in 
practice to supply 1.5 times the quantity of air theoretically 
necessary for combustion if the draft be artificial and 2 times 
the theoretical amount if the draft be natural. 

38. Air Necessary for Combustion. — The quantity of air 
theoretically necessary for the combustion of a pound of carbon 
may be estimated. In the formation of CO2 the C and com- 
bine by weight in the proportion of 12 to 32, or as i to 2f. It 
follows that every pound of C requires 2f pounds of for 
its combination to form CO2. This must come from the air 
containing oxygen and nitrogen in the proportion very approxi- 
mately of 23 parts of and 77 parts of N in every 100 parts 
by weight, and since a cubic foot of air weighs very nearly 
0.08 pound, it contains 0.23 X 0.08 = 0.0184 pound of 0. 

Then, to produce 2f pounds of 0, the amount required for the 

2- 

combustion of one pound of carbon, we must have ^ = 145 

0.0184 

cubic feet of air. 

The formula given by Rankine for the weight of air theo- 
retically necessary for the complete combustion of a pound of 
fuel is r / o\1 

where A is the weight of air in pounds, and C, H, and 0, the 
percentages of carbon, hydrogen, and oxygen contained in a 
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pound of the fuel. This formula has a rational basis, as may 
he secJi Truii; I Ik: following: 

Foi tho complete (.nnioustion (CO2) of one pound of carbon 
tliore will \jc requin u' ^ =-■ 2? pounds of oxygen, and since 
each pound of air contains but 0.23 pound of oxygen, there 

will be required — ^ =11.6 pounds of air for the combustion 

0.23 

of the pound of carbon. For the complete combustion of one 
pound of hydrogen there are required 8 pounds of oxygen, 

8 

which must also be abstracted from the air, requiring = 35 

0.23 

pounds of air to furnish it, which is three times as much as was 
required for the combustion of the pound of carbon. In esti- 
mating the thermal value of a fuel only such H as is unbalanced 
by is taken as available for the generation of heat, and there- 
fore H — — is the expression for this free hydrogen; that is, 

o 

the H in the fuel is diminished by one-eighth of the O, because 
in the formation of the fuel by natural processes that amount 
has already combined with to form water — existing as such 
in the fuel — and is therefore no longer available for generating 
heat. In the formula, 12 is substituted for the approximation 
1 1.6, and all within the brackets is expressed in terms of carbon. 

39. Total Heat of Combustion of Fuels. — The two methods 
of determining the theoretical heat value of fuels are: (a) By 
burning a sample of the fuel in a coal calorimeter; (b) by chem- 
ical analysis. The calorimeter method is the more accurate. 

Mahler's bomb calorimeter consists essentially of a strong 
steel vessel, or bomb, immersed in a known weight of water. 
A small but known weight of the sample is placed in the bomb 
and oxygen gas admitted under a pressure of from 300 to 350 
pounds. An electric spark ignites the coal explosively, the com- 
bustion being complete and instantaneous. The heat gener- 
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ng the ixjmb and its 
n U'riiperaturcof the water, 
ijiiirity of ihe bomb. 
nalysts is not very reliable 
^■^^^^ iu':it values of the elements as 
^^^ ."■ when existing in the separate 
■^^^1 that 110 heat is absorbed in 
■^■•tTniTeii of the hydro-carbons. 
^^Bu--' '-^ Ihe combustion of a pound 
^^4! eiits of fuel have been deter- 
^■■u follows : 

^M I tering into combination with 
•- rr. ,bout 62,000 B.t.u. 
.,iiiU(iiL3tion with 2| pounds of oxygen, 

-Ir '111 14,500 B.t.u. 

'T.iliination with ij pounds of oxygen, 
I I ^00 B.t.u. 

iiiljination with a pound of oxygen, 
bout 4050 B.t.u. 

composition of a fuel, its heat value per 
from its combustible elements, is given 
iproximation by the formula 

,oo[c+4..8(h-5)] 

lie total heat in B.t.u. of a pound of the fuel, and 
.y are the percentages of carbon, hydrogen, oxygen, 
contained in the fuel. 

Jig (H — —1 as free hydrogen, its value in terms of 

is — ' — = 4.28, so that all within the brackets is carbon, 
14,500 
oefficient of which is 14,500 B.t.u. The value of sulphur 
I heat-producing element is small, and often neglected. 
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temperature, it follows that 1° of elevation of the temperature of 
all the gases will occasion an expenditure of 15.4 X 0.249 + 3«3 X 
0.222 +0.423X0.462 +0.02X0.017 + 1.842X0.22 = 5.168 B.t.u. 
The total heat of combustion of a poimd of the coal is 

14,500 0.9 +4.28f 0.047 -^^j +4050 X o.oi = 15,790 B.tu. 

The elevation of the temperature of the gases above their 
initial temperature will therefore be /^ = 3^55°, and the 

temp>erature of the furnace will be 3055 + 60 = 3115°. 

40. Evaporative Power of Fuel. — From the steam table of 
Marks and Davis the total heat of a pound of steam at 
atmospheric pressure is 1150.4 B.t.u., reckoning from a feed- 
water temperature of 32°, so that if all the heat of the coal of 
the example of Art. 39 were utilized we would have an evapora- 
tion per pound of coal of ^''^ = 13.72 pounds of water from 

1 150.4 

a temp)erature of 32*^ and at a temperature of 212®. 

All the heat of the coal is not utilized, however, in the gener- 
ation of steam. The temperature of the escaping gases through 
the smoke pipe is commonly 600°, so that in the example there 
would be (600 — 60) 5.168 = 2790 thermal units lost through 
the chinmey, the equivalent of 17.5 per cent of the total heat of 
combustion. Experience has shown that on the average these 
additional losses may be expected: — From unbumed fuel fall- 
ing through the grate, 4 per cent; from imperfect combustion, 
I per cent; and from radiation, 7 per cent, making a total in 
losses of 30 per cent. The evaporation to be expected in the 

example would then be ^^'^ i = 9.6 pounds of water 

1 1 50.4 

per pound of coal. 

It has been shown in Art. 23 that the expression 109 1.7 + 
0.305 (/ — 32) gives approximately the thermal units required 
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Example in the Comtfustion of Coal. — Coal contai 
cent of carbon, 4.7 per cent of hydrogen, 2.8 per ten 
and I per cent of sulphur is burned in a furnace v 
of air at 60° temperature of 20 pounds per pound 
specific heats of N, O, COi, SOj, and superheat 
0.249, O-220, 0.222, 0.170, and 0.462 respecii 
quired to find by calculation the temperature oi 

Solutioti. — The combining weights of O aii. - 
23 to 77, therefore in 20 pounds of air thcri 
4.6 pounds of O, leaving 20 — 4,6 = 15.4 po< 
making a total of 4.6 + 0.038 = 4.62S poui.' 

The combining weights of C and O to i<;. 
■or I to 2j, therefore 2§ X 0,9 = 2.4 poi: 
to unite with the 0.9 pound of C in the 
0.9 = 3.3 pounds of COj. 
\ , The combining weights of H and O l_ 
or 1 to 8, therefore 0.047 X 8 - 0.37^ _, 
the 0.047 pound of ff in the coal, p-^ ^^ 
0.423 pound of superheated steam. _. 

The combining weights of S and O ' j 
or I to I, therefore 0.01 pound of ^_. 

of S in the coal to form 0.02 poum' ~~ 

Thus, 2.4 + 0.376 + 0.01 = 
leaving 4.628 - 2.786 = 1.843 poi— "-^ 
The gases to be heated are ; The ** 

15.400 pounds of N -'■ 

3.300 " " CO, 
0.423 " " supcrhai 
0.020 " " S0» 
1.842 " ' 

20.985 pounds 
Since the amount oi li 
ature raised is the 



_ . —XI the 

^ --^r imits 

^_ I '«ai» of 

:;i- -3 evaporate 
.3ffiJiiHnper- 
L^ii^iicuioii, 



_^=-]b6.fiB.t.u. 
f^z. 'vaad of water 
j^^^oc TBspenLtuie. 
gf ■■! joi in raising 
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boiler tests to the. standard of weight of water evaporated per 
pound of coal from and at the temperature of 212°. The heat 
available lor the generation of steam per pound of fuel divided 
by Hy, will give the number of pounds of water evaporated per 
pound of fuel under the conditions of pressure and temperature 
of the test, and to express this in terms of the unit of evaporation 

H 

we have simply to multiply by the ratio — -, which ratio is 

970 

known as the factor of evaporation, 

42. Boiler Horse-power. — The term boiler horse-power must 
not be confused with the horse-power unit expressed in foot 
pounds which is used in measuring the work of an engine. The 
work of a boiler in converting water into steam is expressed in 
heat units which, though having an equivalence in foot pounds, 
is not the result of dynamic effort as in the case of a steam engine. 
The arbitrary standard of boiler horse-power adopted by a 
Conmiission of the Centennial Exhibition in 1876 is defined to 
be "a» evaporation of 30 pounds of water per hour from a feed- 
water temperature of 100° F into steam at 70 pounds pressure per 
gauge y^^ or at the absolute pressure of 84.7 pounds. From the 
steam table we find the total heat of steam at 84.7 pounds pres- 
sure to be 1183.3 B.t.u., so that H^ = 1 183.3 "~ (^^o — 32) = 
1115.3 B.t.u.; 

hence Factor of evaporation = — - = ^ = 1.1408. 

970 970 

Therefore, a boiler horse-power is equivalent to the evaporation 
of 30 X 1. 1498 = 34.5 pounds of water /rtwt and at 212°. 

The practical method of determining the boiler horse-power is 
to ascertain by test the number of pounds of water evaporated 
per hour under the working conditions of the boiler, and then, 
by means of the factor of evaporation, find the equivalent num- 
ber of pounds from and at 212°. The latter quantity divided 
by 34.5 will give the horse-power of the boiler. 
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Or, since it requires 970.4 X 34.5 = 33,480 B.tu. to evapo- 
rate 34.5 pounds of water from and at 212°, the boiler horse-power 
may be obtained very conveniently by dividing the number of 
thermal imits absorbed by the water in the boiler per hour by 
33^480. 

Eocample. — Semi-bitmninous coal containing 85 per cent of 
C, 5 per cent of H, 3.2 per cent of O, and 0.8 per cent of S 
is burned in a furnace, and it is estimated that the losses from 
radiation, incomplete combustion, imbumed coal falling through 
the grate bars, and escaping gases through the smoke pipe will 
aggregate 28 per cent. Steam is generated at an absolute pres- 
sure of no poimds per square inch from feed water of temper- 
ature of 160°. The engine is required to develop 125 I.H.P. 
at an expenditure of 30 poimds of steam per I.H.P. per hour. 
Find : (a) The nimiber of pounds of water evaporated per poimd 
of coal; (b) the evaporation per poimd of coal from and at 212**; 
(c) the necessary boiler horse-power. 

Solution, — 

h = 14,500 0.85 + 4.28^0.05 - ^^) + 4050 X 0.008 
= 15,211.36 B.t.u. 

Heat available for generating steam = 15,211.36 X 0.72 = 
10,952.18 B.t.u. 

From the table of the properties of saturated steam it is found 
that the total heat of steam at no pounds pressure is 1188 
B.t.u., so thatfi^«, = 1188 - (160 — 32) = 1060 B.t.u. 

Steam evaporated per pound of coal = \^ ' = 10.33 poimds. 

^ . If J X o 10,052.18 
Evaporation per poimd from and at 212 = — ^^ = 11.29 

pounds. 
Steam required per hour for the engine is 125 X 30 = 3750 
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pounds, so that the water in the boiler would have to absorb 
3750 X 1060 = 3,975,000 B.t.u. per hour. Hence 

Boiler horse-power = ^^^'^' — = 119. 

33480 

1060 

Or, Factor of evaporation = = 1.0928. 

970 

Boiler horse-power = ^^ '^ — =110. 

34.S 



PROBLEMS 

1. Find the number of pounds of air necessary for the complete com- 
bustion of one pound of hydrogen. Ans. 35. 

2. Explain the derivation of the formula for finding the total heat of 
combustion of a pound of fuel. 

3. Coal containing 91 per cent of C, 3.5 per cent of H, 4 per cent of O, 
and 0.75 per cent of S is burned in a furnace with a supply of air of 28 
pounds per pound of coal. Temperature of the entering air, 80°; temper- 
ature of the discharged gases, 600**; temperature of feed water, 140°. The 
specific heats of N, CO2, O, SO2, and of superheated steam are 0.249, 0.222, 
0-220, 0.170, and 0.48 respectively. It is expected that the losses through 
the smoke pipe, from incomplete combustion, from unbumed fuel, and from 
radiation will aggregate 32 per cent of the heat value of the coal used, 
find: (a) The temperature of the furnace; (b) the heat units lost through 
the smoke pipe; (c) the heat available for generating steam per pound 
of coal; (d) the nimiber of pounds of coal required to evaporate 50 pounds 
of water into steam at 324° temperature. 

^ns. (a) 2557®; (b) 3166.8 B.t.u.; (c) 10,259 B.t.u.; (d) 5.25 pounds. 

4. An analysis of coal shows its composition to be 91.5 per cent of C, 
3-5 per cent of H, and 2.6 per cent of O. How much air per pound will be 
theoretically necessary for its combustion? Ans. 1 1.7 14 pounds. 

5. Supposing 72 per cent of the heat value of the coal of problem 4 to 
^ available, how many pounds of water will a pound of the coal evaporate 
into steam of 373° temperature, the feed-water temperature being 132®? 
What is the evaporative power of the coal from and at 212**? 

Ans. 10 pounds and 11. 31 pounds. 
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6. Assuming the whole of 14,500 B.t.u. of a pound of carbon were avail- 
able for conversion into useful work, what weight of it would be required 
per I.H.P. per hour? Ans. 0.176 pound. 

7. A manufacturing establishment requires 225 engine horse-power to 
operate its plant. The engine is to use steam of 331® temperature, gen- 
erated from feed water of 142°, and it is deemed advisable to allow for an 
expenditure of 34 pounds of steam per I.H.P. per hour. What boiler horse- 
power will be required? Ans. 245. 



CHAPTER IV 
STEAM BOILERS, ATTACHMENTS AND ACCESSORIES 

43. The Function of the Boiler. — The heat energy produced 
by the combustion of fuel is transferred to the engine through 
the medium of water in the condition of steam. The metallic 
vessel containing th^ water is the boiler, and it is the particular 
fimction of the boiler to convey the heat energy to the water 
and then to store that energy for use in the available form of 
steam which results from the evaporation of the water. 

A boiler consists essentially of: — A furnace in which the fuel 
is burned; a receptacle for the jvater which is to be evaporated; 
a space in which to store the steam resulting from the evapora- 
tion of the water; heating surface through which the heat 
from the burning fuel is transmitted to the water; and a smoke 
pipe to carry away the furnace gases and to produce the draft 
for the furnace. In addition to its essential parts, a boiler 
must have these appendages: — A feed pump to supply the 
water; a gauge to indicate the pressure of the steam; a water 
column to indicate the height of the water in the boiler; a 
safety valve to permit the escape of the steam into the atmos- 
phere when the pressure becomes excessive; and a valve and 
suitable piping to convey the steam to the engine. 

44. Classification of Boilers. — There are two general classes 
of boilers, viz., those in which the hot gases from the furnace 
pass through tubes which are surrounded with water — known 
as fire-tube boilers; and those in which the hot gases circulate 
between tubes containing water — known as water-tube or 
tubulous boilers. 

37 



3' 



f)t r 






:.:ti(»n- 



.ndfd 



■..otual 
.' uicir 



STEAM BOILERS, ATTACHMENTS AND ACCESSORIES 39 

ing the weight in terms of heating surface, the weight of the 
fire- tube boiler varies roughly from 25 poimds to 30 pounds per 
square foot of heating surface, while that of the water-tube boiler 
varies from 12 pounds to 18 pounds. When filled to the water 
level, the weight of contained water in the fire-tube boiler varies 
from 12 pounds to 14 pounds per square foot of heating surface, 
and for the water-tube boiler from 1.5 pounds to 2.5 pounds. 
The water-tube boiler, from the nature of its construction, is 
unquestionably the stronger of the two types, and requires only 
from one-quarter to one-half hour to raise steam as against from 
three to four hours with the fire-tube boiler. 

The principal disadvantage charged to the water-tube boiler 
is that it requires to be fed with fresh water, and its rate of feed 
must be uniform because of the small water space it contains. 
To show the necessity for a steady feed for the water-tube boiler, 
we will assume a boiler having 50 square feet of grate surface 
and burning 25 pounds of coal per hour per square foot of grate. 
The consumption of coal would then be 25 X 50 = 1250 pounds 
per hour. A consumption of 3.5 pounds of coal per I.H.P. 

per hour would mean the development of — ^ = 357 I.H.P. 

Assuming the consimiption of steam per I.H.P. per hour to be 

30 pounds, an evaporation of ^-^ ^ = 4.8 tons of water per 

hour would be necessary. Assuming the ratio of grate surface 
to heating surface to be i to 36, there would be 50 X 36 = 
1800 square feet of heating surface; and taking the weight of 
contained water as 1.5 pounds per square foot of heating surface, 
the weight of the water in the boiler would be 2700 pounds, or 
about 1.2 tons. Therefore, the boiler would have to be filled 

^ « 4 times in an hour, so that a cessation of the feed for 15 
1.2 ^ 

minutes would completely empty the boiler. 
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46. The Scotch Boiler. — A type of lire-tube boiler largely 
used in marine practice is shown in Figs. 2 and 3, It is var- 
iously known as the Scotch marine boiler, a tank boiler, or a 




shell boiler, and is made with two, three, and four furnaces. It is 
c>'Undrical in shape with flat ends or heads, and since the funiace 
gases, after passing into a combustion chamber at the rear of the 
furnace, return through the tubes to the front, and thence through 
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ike to the smoke pipe; it is of the type known as return- 
lar boiler. 




Figure 2 shows a three-furnace Scotch boiler in cross section, and 
Fig- 3 in longitudinal section. The cylindrical shell is shown at 
A, A. and the flat heads at B, B. Inside the shell are the three 
corrugated furnaces C, C, C, the corrugations adding much to i 
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strength of the furnace. A plane cylindrical furnace flue wouIoT 
collapse under the high steam pressure of recent practice, unless 
made of prohibitive thickness. The fire grate is placed at about 
midway in the height of the furnaces, the fire and hot gases 
passing over the bridge wail (not shown) at the rear end of the 
furnace into the combustion chamber D. thence through the 
tubes E into the uptake (not shown) at tiie front of the boiler. 
and thence to the smoke pipe. The water level is maintained 
at a height of from 6 to 8 inches above the lop of the combustion 
chamber, the remaining space at the top of the boiler being 
occupied by the steam. The combustion chambers, or back 
connections, one for each furnace, are stayed at their tops by 
girder braces, and to each other and to the shell and back head 
by screw stay bolts, while the heads are stayed lo each other by 
longitudinal braces, as shown. There is a total of 364 tubes of 
2\ inches outside diameter, 160 of which are stay lubes, the 
purpose of which is to brace together the front and back lube 
sheets. These stay tubes, shown in Fig. a in thicker section 
than the ordinar\- tubes, are enlarged at their ends and screw 
into the front tube sheet and are expanded into the back lube 
sheet, the back ends being beaded and protected by cast-iron 
ferrules from flame in the combustion chamber. The manholes 
A* permit access to the boiler for cleaning and repairs. Some- 
times there is but one combustion chamber for two, or even 
three, furnaces instead of one for each furnace. 

A double-ended Scotch boiler consists of a shell of double 
length, having furnaces at each end with a common combustion 
chamber or a separate combustion chamber for each end. Such 
an arrangement is equivalent to a pair of single boilers with 
their back heads removed and their shells united. 

47. Vertical Boilers. — Boilers of the vertical fire-lube type 
are cylindrical in shape with the furnace, or fire box, at the 
bottom. The top of the furnace, or crown sheet, forms the lofwer 
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teix sheet, the upper tube sheet forming the upper head of the 
shell. The products of combustion pass directly through the 
tubes (rem the furnace to the smoke box at the base of the 
chimney. The water in the shell surrounds the tubes, and 
there is a water-leg around the fire box to protect the metal 
from the flame. The vertical boiler occupies small floor space, 
and b a convenient type to move from place to place for tem- 
porarj' work. 

48. The Locomotive Boiler. — One type of the locomotive 
boiler, as built by the American Locomotive Works, is shown in 
longitudinal section and in several cross sections in Fig. 4. The 
different views are as follows: (A) is the longitudinal section, 
ihe tubes being removed; (B) is a half cross section showing the 
front lube sheet and the opening into the smoke box from the 
dry pii>e; (C) is a half cross section through combustion cham- 
ber showing the rear tube sheet and the manner of bracing the 
fire box to the shell; (D) is a half cross section through the fire 
box showing the side water-leg, the recessed combustion cham- 
ber in outline, and the bracing; (E) is a half cross section just 
inside the furnace door; and {F) is the rear end of the boiler 
showing furnace-door opening. 

The boiler consists essentially of a fire box of approximate 
rectangular section; a cylindrical shell which envelops the fire 
box and contains the tubes, the water and the steam; and a 
smoke box at the front into which the fire tubes discharge the 
products of combustion on their way to the smoke stack. That 
part of the front tube sheet above the tubes is stayed by diagonal 
braces running to the inside of the top of the shell, and similar 
braces run from the rear head of the shell. There is a recessed 
combustion chamber between the fire box proper and the rear 
tube sheet, and connecting the tube sheets are 334 tubes of 
2J inches diameter and 40 superheater flues of 5J inches diam- 
eter. The tubes and flues are expanded into the sheets and 
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r at their ends. The crown sheet of the tire box is 
braced to the shell by rows of radial stays, and the sides of the 
lire box are braced to the outside shell by ordinary stay bolts, 
but at the points of greatest expan- 
sion are placed flexible stay bolts to 
allow of some movement between 
the stayed sheets. The inner end 
of the flexible stay bolt is screwed 
directly into the fire-box sheet. Fig. 
5. its outer end having a spherical 
head which bears in a spud which 
is screwed into the outer sheet, the 
open end of the spud being covered 

by a screwed cap, leaving a small expansion space between the 
head of the bolt and the crown of the cap. This device allows of 
some play between the sheets during expansion and contraction. 

The boiler works under a strong induced draft occasioned by 
the cjlinders exhausting into the smoke stack, and in conse- 
quence the rate of combustion is very rapid, not uncommonly 
exceeding one hundred pounds of coal per square foot of grate 
per hour. To meet this rapid combustion the tubes present 
a large heating surface for the evaporation of the water into 
steam. The steam is conveyed from the dome at the top of 
the shell by the dry pipe into a header placed in the smoke box. 
The steam passes from the header through a series of tube.'i of 
ij-inch diameter each one of which enters a superheater flue 
and passes back to witbin about twenty inches of the rear tube 
sheet and then, by means of a U-fitting, returns to the fire-box 
end of the flue, delivering the steam in a superheated state to 
the pipes leading to the cylinders. This boiler ordinarily pro- 
duces steam containing about 175° of superheat. 

Another type of locomotive boiler, made by the American 
Locomotive Works, is shown in Fig. 6. It differs from the 
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I described in these particulars only: The fire box 

L' doors, but no recessed combustion chamber, and from 

Mroat sheet there are four arched water tubes passing 

i the fire box to the inside fire-door sheet. 
►■ (if these water tubes is shown in the fire box of the longi' 
wl section. On top of these tubes is laid a brick arch, 
, oclenciing from the throat sheet to about one-half the 
Ul of the tubes in one direction, and to within a short dis- 
^ of each side sheet of liie fire box in the other direction, 
IDJect of this arch is to protect the rear tube sheet from 
tect action of the furnace flame by deflecting it so that it 
Kthrough the opening between the end of the arch and the 
pr sheet before passing through the tubes. This course 
Khottest gases increases the efliciency of the crown of the 
K as heating surface, and the rapid heating of the water in 
nbes greatly facilitates the circulation of the water in the 
iler. 

49. The Babcock & Wilcox Boiler. — Perhaps the most widely 
iiown of the water-tube boilers is that of the Babcock & Wilcox 
Lo. It is verj' extensively used in this country and abroad, and 
anbraces in its make-up these advantageous features of boiler 
dengn: 

Thin heating surface; joints removed from fire; efiicient water 
circulation; quick steaming; dryness of steam; freedom for 
eiq>ansion; safety from explosions; and ease of transportation. 
The boiler is made in two types, stationary and marine, both 
embracing the same genera! principles in construction and oper- 
ation, but differing materially in form. The stationary type 
will here be noticed with some degree of particularity, as it is 
with land boilers that we are mostly concerned. 

The end connections, or headers. Fig. 7, are made of forged 
steel, and of such sinuous form as to stagger the lubes, that is, 
make of the one vertical row of tubes virtually two parallel rows, 
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' 1 rL|>aired or removed, if necessary, without in any way 
iliL' boiler. All the fixtures are extra heavy and of 

; i\ i- feature of the boiler is its ease of transportation. 

I !;i sections, which are readily put together with an ex- 

„ i>»il, these boilers may be transiwrted easily and cheaply. 




side view of the boiler with vertical headers is shown in 
Rg. 8. In operation the tire is usually located under the front 
Ud higher end of the tubes and the products of combustion are 
eonqielled by the bridge wall and front baffles to rise through the 
forward portion of the tubes into a chamber under the steam 
vad water drum; thence, the second baffle compels their descent 
between the tubes, and finally they pass upward between the 
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tubes at their rear ends and off to the chimney. The water 
inside the tubes, as it is heated, tends to rise toward the higher 
end, and as it is converted into steam — the mingled column of 
steam and water being of less specific gravity than the solid 
water at the back, end of the boiler — rises through the vertical 
passages into the drum above the tubes, where the steam separates 
from the water and the latter flows back to the rear and down 
again through the tubes in a continuous circulation. As the pas- 
sages are all large and free, this circulation is very rapid, sweeping 
away the steam as fast as formed, and supplying its place with 
water; absorbing the heat of the fire to the best advantage; 
causing a thorough commingling of the water throughout the 
boiler and a consequent equal temperature, and preventing, to a 
great degree, the formation of deposits or incrustations upon 
the heating surfaces, sweeping them away and depositing them 
in the mud drum, whence Ihey are blown out. 

The steam is taken out at the top of the steam drum near the 
back end of the boiler after it has thoroughly separated from the 
water, and to insure dry steam a perforated dry-pipe is connected 
to the nozzle inside the drum. 

The boiler possesses to a marked degree the inherent advantage 
of all water-tube boilers, that is, the small diameter of the tubes- 
admits of their being made thin, and as they are in contact with 
the hottest gases they afford such ready transmission of the heat 
that even the fiercest fire cannot injure them, provided that 
water is in intimate contact with the metal of the tubes. This 
is in marked contrast with the conditions of the fire-tube boiler 
where the thick plates of the furnaces in immediate contact 
with the fire not only hinder the transmission of heat to the water, 
but admit of overheating and even burning of the side next to 
the fire with the consequent dangerous tendency to rupture. 

An advantage claimed for the Babcock & Wilcox boiler is that 
its tube-heating surface is of the most efllicient character from 
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lie fact that the hottest gases come in contact with it nearly at 
right angles, impinging on the surface instead of gliding over it 
in lines parallel with it. 

As all the water in the boiler tends to circulate in one direction 
there are no interfering currents, and the steam is carried quickly 
to the surface, which tends to equalize the temperature of all parts 
of the boiler. The water too is divided into many small streams 
Bowing in their envelopes through the hottest part of the furnace, 
an arrangement which admits of steam being raised very rapidly, 
not more than 30 minutes being necessarj- ordinarily to raise 
steam to a working pressure from cold water. 

The design of the boiler is such as to accomplish these two 
essential features for the production of dry steam: (i) Time is 
given for the steam and water to separate thoroughly at the 
disengaging orilicc. ( 2) Sufficient space is provided between the 
slcam outlet and the disengaging jjoint to insure the steam pass- 
ing from the boiler in a dry state without entraining or again 
picking up any particles of water in its passage. 

Referring to the partial vertical section of Fig. 9, it is seen 
that the rapidly moving mixture of steam and water, as it enters 
from the headers through the disengaging orifice into the drum, 
comes in contact with a curved deflecting plate which extends 
limost across the drum, leaving spaces at its ends and the sides 
of the drum. The mixture coming in contact with the plate, 
the water is deflected downward and mixes with the main body 
of the water, the steam passing around the ends of the plate 
into the steam space in which is located the dry pii)e. The 
figure shows the position of the manhole in the drum head and 
the method of securing the manhole plate, also the entrance of 
the feed pipe beyond the deflection plate, and the manner of 
attaching the water column. 

The superheating attachment to the Babcock & Wilcox boiler 
b shown in Fig. 10. The superheating arrangement consists of 
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a series of tubes bent into a U-shape and connected at the ends 
with manifolds, the upper one of which receives the natural 
steam from the drum; thence the steam passes through the 
tubes, which are exposed to the products of combustion, and 
delivered in a superheated state into the lower manifold, and 




thence through the large bent pipes to the valve placed above 
the boiler in the steam main. 

To prevent overheating while steam is being raised, a flooding 
device is usually supplied by which the superheater is flooded 
with boiler water. The arrangement, shown in the small pipes 
of Fig. 10, consists merely of a connection with the water space 
of the drum, and a three-way cock, by which, at will, the water 
enters the lower manifold and fills the su]3erheater and connec- 
tknis up to the water level. Any steam formed in the super- 
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heater tubes is returned into the drum througb the coUectiiif 
pipe, which, when the superheater is at work. conve>s the satu- 
rated or natural steam into the upper manifold. Prior to open- 
ing the superheater stop valve and using superheated steam, 
the water is drained from the manifolds by the flooding pipe. 

Safety calves are placed on the outlet of the superheater- 
These valves are set to blow slightly below the boiler safety 
valves, the object being that if the demand for steam suddenly | 
ceases the fact that the superheater valves blow first insures a ' 
flow of steam through the superheater and prevents burning. 

The superheater is so placed as not to expose it to the immedi- 
ate action of the fire, as the furnace gases must first pass through , 
the front part of the boiler where there is considerable heating 
surface to lower their temperature before reaching the super- | 
heater. There are no flanged Joints to the su|xrrheater as all , 
the tube joints are expanded. Freedom for expansion is pro- 
vided for by the tubes being free at one end, and by the mam- ' 
folds not being rigidly connected with each other. The proper- ' 
tion of superheating surface to boiler heating surface may be I 
made such as to provide practically any desired degree of super- | 
heat. 

50. The Stirling Boiler. — The Stirling watet-tube boiler, 
manufactured by the Babcock & Wilcox Co., shown in Figs. 11 
and 12, consists of three upper or steam drums, each connected 
by a bank of tubes to a single lower or mud drum. Suitably dis- 
posed fire-tile bafHes between the banks so direct the gases that 
their course from the furnace is upward and in contact with 
the surfaces of the front bank of tubes, then downward among 
the tubes of the middle bank, then upward again among the 
tubes of the rear bank, and thence to the smoke pipe. 

Short tubes connect the steam spaces of all the upper drums, 
and also the water spaces of the front and middle drums. The 
boiler is supported on a structural steel framework, around which 
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is built a brick setting whose only office is to provide fumace 
space and serve as a bousing to confine the heat. The entire 



front is of metal. 




parts, together with the usual valves and fittings, con- 
the completed boiler. The drums var\' in diameter 
from 36 inches to 54 inches and are made of the best open-hearth 
flange steel. The plates extend the entire distance between the 
heads, so that there are no circular seams. The longitudinal 
seams — which are double or triple riveted according to the 
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pressure to be carried — are so placed that they are not exposed 
to high temperatures. The drum heads are hydraulically dished 
to a proper radius; each drum is provided with one manhole, 
and the manhole plate and arch bars are of wrought steel. Thus 
four manhole plates give access to the entire interior of the 
boiler, and expose every tube end, rivet, and joint. The drum 
interiors are perfectly dear, as there are no baflfles, stays, tie- 
rods, mud pipes, or other obstructions in them. The tubes are 
of the best lap-welded mild steel. They are slightly curved at 
the ends to permit them to enter the drums normal to the surface 
and to provide for free expansion of the boiler. The tubes are 
expanded directly into reamed holes in the sheets of the drums, 
and every tube end is visible and accessible. 

The furnace is formed by a fire-brick arch sprung over the 
grates immediately in front of the front bank of tubes. The 
large space between the boiler front, tubes, and mud drum is 
available for a combustion chamber and for the installation of 
sufficient grate surface to meet the requirements of the lowest 
grades of fuel. The baffles rest directly upon the tubes, and 
so guide the furnace gases, as explained above, as to bring them 
into such intimate contact with the heating surface that the 
heat is quickly and thoroughly extracted from them. 

The temperature of the gases in contact with the tubes will 
evidently be greatest at the bottom of the front bank, and grad- 
ually decrease as the gases proceed in their course to the smoke 
pipe. Obviously, then, the velocity of water circulation and 
quantity of steam generated will be a maximum in the front 
bank. In the rear bank there is a slow circulation downward 
equal to the quantity of water evaporated in the other two banks. 
There is no constriction in the circulation, as each tube dis- 
charges directly into the drums, without the intervention of 
headers, nipples, or water-legs, and the nearly vertical position 
of the tubes promotes rapid circulation. 
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5z. The Heine Boiler. --^ The Heine water-tube boiler may be 
divided into three main parts^ the shell, water-1^, and tubes, 

(Fig. 13). 

The shell is cylindrical in form, varying in diameter from 
30 inches to 48 inches, and in length from about 17 feet to 22 feet. 
The longitudinal seams are of the double-strap butt-joint type 
while the circumferential seams are all lapped with single or 
double riveting. The heads of the shells are dished to a radius 
equal to the diameter of the shell so as to require no internal 
staying. At the top of the shell near the front end is cut the 
main steam outlet, a pressed-steel saddle being strongly riveted 
to the shell for the purpose of attaching the steam tee. The 
standard form of tee has flanged side and top outlets. Either 
one of these may be used for the main steam connection, the 
safety valve being attached to the other. In the bottom of the 
shell near each end is cut the throat opening for the internal 
connection to the water-leg. To compensate for the metal cut 
away, forged steel throat stays bridging these openings are 
riveted on when the water-legs are attached. Inside and near 
the bottom of the shell and parallel thereto is fastened a sheet- 
iron mud drum, which is entirely closed with the exception of a 
small (^)ening at the top near the front end. The feed pipe 
triiich passes through the front head of the shell enters the front 
end of the mud drum near the bottom, while the blow-off con- 
vection whiph passes through the bottom of the rear head of the 
shril connects with the back end of the mud drum near the 
WtlQBL The theory of the operation of the mud drum will be 
lifescifted later. 

%>ner ike throat opening at the front end slanting upwardly 
k placed a sheet-iron deflection plate. The deflec- 
fe ckeely fitted to the front head and to that portion 
%it t^ csfCttBifewnce of the shell with which it comes in contact. 
lL<MMfe^ sevionl feet back of the throat opening and within a 
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few inches of the top of the shell. Inside of the shell, just beneath 
the steam opening, and above the deflection plate, is fastened 
the dry pan which is a shallow sheet-iron box, in the sides of 
which are a large number of i>erfotalions. 

To each side of the exterior of the shell is attached a series of 
[ hooks which support the tile bars, the function of which will be 
1 described further on. The water-legs are made of two plates, 
I termed respectively the tube sheet and the handhole sheet. 
These plates are machine flanged, and joined together all around, 
except at the top. by a butt strap. Being flat surfaces these 
■water-legs require staying to withstand the internal pressure, 
and for tliis purpose hollow stay-bolts are used, made of care- 
fully tested mild-steel tubing. These are screwed into tapped 
holes in the two plates, the projecting ends being carefully upset 
on the outside. The water-legs are built complete, separately 
from the shell, and then riveted thereto over the throat openings. 
The handholes are closed by means of strong cast-iron or drop- 
forged steel plates which are inserted from the inside so that the 
steam pressure tends to make them tighter, and not to loosen 
them as in the case of plates which are applied from the outside. 
These plates are held in position by means of yokes and bolts 
bcuring against the outside of the water-leg sheet. 

Between the two water-legs extend the tubes which are fastened 
in (losilion by being expanded with the best type of roller ex- 
Ip^iiKlcts and slightly flared to increase the holding power 

The above constitutes the boiler proper, but accompanying 
tk fe iin artistic front made up of substantial sheet steel and 
Attt^lpj,. tOitcther with grates, buck staves and other parts 
to properly set the boiler ready for tlie brickwork, 
bnn (caiige. safety valve, water column and trimmings, 
k -tBri Wow-off valves. 

Ik- Itaww row of tubes, extending back within three or 
K^ tb» mr end, is placed fire-brick baffle tiling, and 
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likewise on the upper row of tubes extending from the rear to 
within three or four feet of the front end. These, together with 
the plates which rest on the tile bars above mentioned, determine 
the path of the hot gases. Just behind the grates is placed a 
bridge wall only sufficiently high to hold the coal in place, thus 
pro\nding ample area for the passage of the gases between the 
top of the bridge wall and the tubes. The gases of combustion 
pass over the bridge wall into the large combustion chamber 
behind it where ample time is given for the complete combustion 
of the various constituent gases. These then turn upward 
back of the lower row of tiling into the nest of tubes, thence for- 
ward parallel to the tubes, upward again into the space beneath 
and around the shell, thence backward and upward through the 
up-take into the breeching. The hot gases are broken up into 
numberless small streams that completely encircle the tubes, 
this being due to the very compact arrangement of the tubes, 
and it is during this passage that the greater part of the heat is 
absorbed. The gases are further cooled in passing backward 
under the shell. 

The feed water enters the boiler through the front head, pass- 
ing into the mud drum, which is entirely submerged, the water 
level being normally at about the center of the shell midway of 
its length. The water in the boiler when under slcani is, of 
course, at the same temperature as the steam. The feed water 
when entering is relatively much colder than the water in the 
boiler, and hence flows along the bottom of the mud drum, 
being gradually heated by the surrounding hot water to the 
temperature of this water {this makes it possible actually to 
force the Heine boiler with feed water of any temperature from 
32° up without injury). As this movement is very slow, time 
ia given for the deposition of such substances as may be carried 
in suspension and also for the precipitation of much of the scale- 
making impurities. Being entirely without contact with the 
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fire, there is no tendenc>' for this sludge to become baked ana 
hard and it may be blown off through the pipe provided from 
the rear of the mud drum. The feed water as^it becomes hot 
rises and flows out through the opening in the front end of the 
mud drum, being carried by the circulation of the water in the 
boiler to the rear. It will be observed that owing to the position 
of the boiler there is a much deeper body of water in the shell 
at the rear than at the front, thus pro\'iding, at all times, a 
solid body of water to keep up the supply to the tubes where 
the steam is made. The water descends from the sheU into the 
rear water-leg, thence into the various tubes, passing upward to- 
ward the front and absorbing in its passage the heat from the 
gases on the outside of the tubes, bubbles of steam being formed. 
wliich pass out of the tubes, together with the unevaporated 
water, into the front water-leg. thence upward into the shell. 
The large ojjenings from the shell into the water-leg, or throat 
openings, while being the most constricted parts in the path of 
the circulating water, are so large that little or no real obstruc- 
tion to a free flow is offered. 

Owing to the great difference in volume caused by the expan- 
sion of the water into steam, the passing out through the water- 
leg is very rapid and the mixture of steam and water is thrown up 
with considerable force against the deflection plate, the function of 
Mfiiich is to throw down the water, allowing the steam to pass up 
into the steam space, thence o\-er the upper end of the deflection 
plate through the holes in the dry pan to the steam outlet. 

At the bottom of the rear water-leg is provided a valve for 
the purpose of draining the boiler. The steam connection of the 
wacn column is made at the top of the front head while the water 
a^DBCtioa is made at the top of the front water-leg. The steam 
^B^e bos an independent connection into the steam tee and is 
aoBned. tn a prominent position in the middle of the ornamental 
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I The superheater. Fig, 14, consists essentially of a header box 
[ of the same type of construction as the water-leg, into one side 
[■ of which are inserted U-tubes, made of i^-inch seamless, drawn, 
[ mild-steel tubing, expanded into holes provided for them. 

Opposite the tubes in the other sheet of the header bos are a 

series of handholes closed bj' inside plates, which give access to 
I the interior of the whole apparatus. 

I The header box is made entirely of flange steel plate, and is so 
I designed that it is entirely machine made. The hollow stay- 
I bolts, which hold the two sheets of the box parallel, are of the 
i same size and material as those used in the construction of the 
I boiler proper, and, as in the case of the boiler, provide means for 
I introducing the soot blower in order to keep the exterior surfaces 
I of the supcriicater tubes clean. 
[ The interior of this box is di\'ided into three compartments by 

means of light sheet-iron diaphragms, which, being nicely fitted. 

are sufficiently steam-tight to cause the steam to pass through 

the tubes. 

IThe superheater is located at the side of the shell of the boiler 
toward the front and just above the last passage of the boiler 
gases (see Fig. 15), being supported by special castings, which 
rest upon the boiler tile bar and brick setting. Depending on 
the capacity and degree of superheat desired, the de\'ice may 
be single and placed only on one side; or in two parts properly 
connected together, one on each side of the boiler, and above 
the water line. 

The whole is encased in brickwork with a lire-brick roof carried 
bj- special T-bars. as seen ui Fig. 16. 

AamUflue (see Fig. 15), built in the side walls of the setting, 
orns the hot gases direct from the furnace into the superheater 
a. where they make two passes around the superheater 
. T^ie fltw of these gases is controlled by means of a 
l^witkL When closed the circulation is stopped, 
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i as soon as the heat from the gases in the superheater is 
lorbed, only saturated .steam will be delivered. 
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passing through the superheater, there is no danger of overheat- 
ing it. 

The usual steam outlet from the boiler proper is connected 
into the lower opening of the superheater box (see Fig. 15), the 
steam passing into the lubes of the lower compartment, thence 
through these tubes out into the middle compartment, whence 
they go into the second set of lubes connected with this space 
and through them issuing finally into the third or top comparl- 
menl. thence out through the opening there into the general 
piping system. The effect is to mix up thoroughly the steam so 
that it is of a uniform temperature. Ordinarily it is not deemed 
necessary to provide a by-pass so as to enable the superheater to 
be cut out of service entirely, although such an arrangement can 
easily be provided if desired. 

52. The Roberts Boiler. — A type of water-tube boiler shown 
in Figs. 17 and iS, known as the Roberts Safety Water Tube 
BoOer, is extensively used. The feed water is divided at the 
boiler into two streams by a T-connection at A, Fig. 17, each 
stream entering a feed coil B on either side of the drum. Pass- 
ing through the horizontal tubes of these coils it is then delivered 
into the drum above the water line at C, so that any steam that 
may have formed during ihe passage through the feed coils 
may rise to the lop of the drum. One of the feed coiis delivers 
into one end of the drum while the other delivers into the opposite 
end. It is a feature of this boiler that the course of ihe water 
through tlie feed coils is down, thus meeting the hot ga.ses as 
they rise. However much the gases may be cooled b\- contact 
with the lower layers of tlie coils, they meet slill cooler layers as 
they rise, thus establishing the most favorable conditions for 
ihe transference of the heat of the gases to the water, 

Under the action of gravity the water now flows from both 
ends of Ihe drum through T-connections into the cross pipes D 
and thence through the downflow pipes E into the side pipes F, 
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which are on a levtl with the fire grate. These side pipes are 
tapped for the upflow coils G. through which the water now 
rises again to the drum. It will be seen. Fig. i8, that the up- 
flow coils rise vertically from the side pipes and then cross in 
layers under the drum and directly over the fire. The holes 




in the side pipes for the upflow coils are staggered so that the 
spaces between the cross layers of the coils directly over the 
fire are only one-half as wide as those between the vertical pipes 
of the coils. It will be noted too that the upflow coils leading 
from one hide pipe deliver to the drum at H on the opposite 
side. The feed, now arriving in the drum for the second time, 
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is in the condition of damp steam and bubbles through the 
water in the drum and rises to enter the dry -pipe through per- 
forations all along its top. The dry-pipe extends from one end 
of the drum to the olln-r and is connected to the heads at the 




t points possible. The steam now passes from both ends 
(rf the dry-pipe through the pipes K into the superheating coils 
L which lie, one on each side, between the boiler and its indos- 
isg casing and above the fire brick M of the furnace. The steam 
passes to the bottom of the superheaters, thence rising through 
fte pipes ^ to a point nearly over the front end of the drum 
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where a T-cormection and pipe O enables the superheated steam 
to be led to the engine. Steam of ioo° superheat is not un- 
common with this boiler when working under the ordinary con- 
ditions of practice. 

53. Draft. — In Chapter III it is shown that air is an essential 
to combustion, and for a given grate area the quantity of fuel 
consumed in a given time depends upon the draft or flow of air 
into the furnace. The natural draft ordinarily obtained by 
means of chimneys or smokestacks depends upon the difference 
in weight between the column of heated air within the stack and 
that of the outside air. The weight of the heated gases v^-ithin 
the stack is so much less than that of a column of the outside 
sir of the same height that they rise in the stack, and in doing 
so produce a partial vacuum in the furnace which draws the 
uutsidc air through the fire. The great disadvantage of natural 
draft is that its intensity depends directly upon the temperature 
t the gases within the chimney, and as experience has shown 
tkt a temperature between 600° and 700° must be maintained 
t the chimney in order that the volume of air drawn through 
xbs iumace sJiall be a maximum, it follows that the escape of 
dm fumtcv gases through the chimney at a temperature so high 
» a. very material loss of the heat value of the fuel, a 
: instances as great as one-fourth. In the effort to 
At economizers were devised, consisting of a series of 
i M the base of the chimney through which the feed 
t its way to the boiler. By this means it is possible 
I ieed water to a temperature greater than 212°, 
t i& under a pressure greater than that of the 
ia <)oiiig so the temperature of the gases may 
b »ffect the intensity of the draft. 

(Come the inherent defects of natural draft 
at of two systems of mechanical draft 
ijmtd draft. 
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. Induced Draft. — When a fan is placed between the 
furnace and the chimney, the fan drawing from the furnace and 
delivering into the chimney, the resulting draft is said to be 
induced. The suction action of the fan produces a partial 
vacuum in the combustion chamber of the furnace, which causes 
the air to flow into the ash pit and through the fuel. This 
system is the one most commordy used in power plants, as it 
dispenses with the high and expensive smokestack and furnishes 
the most favorable conditions for the use of economizers. The 
hot gases in their induced flow pass through the economizer, 
where they deliver much of their heat to the feed water and 
are, in consequence, reduced in temperature when they reach the 
fan for delivery into the chimney. 

A different form of induced draft is that of the locomotive 
boiler. The exhaust steam from the cyUnders is discharged 
through the exhaust nozzle into the smoke pipe at its base. 
Each puff of steam from the exhaust drives the air ahead of it 
out of the smoke pipe, producing a partial vacuum in the tubes 
and smoke box which causes an inrush of air through the furnace. 
The greater the volume Of steam escaping at each puff, and the 
greater the rapidity of the puffs, the more intense the draft 
becomes, so that this form of draft \'irtually controls automati- 
cally the fuel consumption and the water evaporation, because 
at the time the engine is working its hardest and using the most 
steam, the draft is acting most efficiently. 

55. Forced Draft. — When the fan is so placed as to force the 
air under the furnace grate, the draft is said to be forced. The 
forced draft system is especially adapted to the burning of 
screenings or low grades of coal which, under other conditions, 
could not be burned without loss, and to this fact is attributed 
the economic gain claimed for the system. With forced draft 
the air is supplied to the furnace in either of two ways: — (i) By 
making the ash pit practically air-tight and then, by means of a 
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fan, forcing air into it and up through the fuel, thus utflizing 
the air for the purjioses of combustion. (2) By making the 
fire room practically air-tight and then, by means of a fan, main- 
taining the necessary pressure therein to supply the required 
air for efficient combustion. 

For stationary boilers the dosed ash pit is the only one appli- 
cable, while for marine practice both the closed ash pit and 
closed fire-room systems are employed. 

56. Advantages of Mechanical Draft. ^ The advantages of 
mechanical draft may be summarized thus; 

Its adaptability to both large and small powers; its ability to 
meet sudden demands for steam by simpJy increasing the speed 
of the fan, thereby increasing the intensity of the draft; its 
entire independence of wind, weather, and atmospheric changes; 
it furnishes the only conditions under which economizers may 
profitably be applied; it practically does away with the neces- 
sity for high smokestacks; it has increased the rate of fuel com- 
bustion from the maximum of 25 pounds of coal per square foot 
of grate per iiour under natural draft to 40 pounds in station- 
ary boiler practice, to 50 pounds in marine practice, and to as 
much as 120 pounds in locomotive practice; it has increased the 
efficiency of combustion, and therefore the steaming" power of 
boilers; and it has made possible the profitable use of inferior fuel, 

57. The Measurement of Mechanical Draft. — The intensity 
of mechanical draft is expressed in inches of water, that is, by 
the pressure that would support a column of water the given 
number of inches in height. The weight of a cubic foot of fresh 
water may be taken as 62.4 pounds, so it is evident that for a 

head of one inch of water the pressure will be '- — = o.o»6 

pound. 

Gauges for measuring draft consist essentially of a U-tube 
containing water. One leg of the tube is connected with the 
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itmosphere and the other to the space in which the draft is 

operating. The difference in level of the water in the legs 

expressed in inches and multiplied by o.0j6 gives the force of 

the draft in pounds per square inch. 
58. Stop Valve. — A valve placed in a steam pipe for the pur- 

poseof ofwoing or shutting off the supply of steam is called a slap 

mA«. It is usually of the globe pattern, as shown in Fig, 19. 

The bonnet is connected with the 

body by a bevelcd-face, ground 

jfflnt^, N, and secured to the body 

by the large hexagonal nut a. The 

beveled-face connection tends to 

eiqand the threads, interlocking 

them firmly by the pressure exerted 

"riien wrenching home the hexag- 
onal nut a. The valve V is of the 

double-disk construction with two 

wearing faces, one of which is pro- 
tected by the disk holder R whilu 

the other is in use. These faci- 

ire reversible and maybercgrouml. 

The stem D is made with forcin;,' 

collars between which the di-.k 

bolder slides. The packing is 

Wound around the stem and is 

forced into the recess by the gland 

G, to which pressure is applied by wrenching down the packing 

nut P. The stem may be packed with this form of stop valve 

frhen the valve is wide open, as the faces Di and B engage, 

forming a light joint and not allowing the steam to pass. 

Sg. Gate Valve. — Another form of stop valve, known as a 
gale valve, is shown in Fig. 20. This valve consists of two wedge 
disks, V and VI, which are self-adjusting with ball-and-socket 
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backs. The disks are hung on a bushing C which travels on t 
screw stem D. enabling the disks to be raised or lowered at will. 
The backs of the disks are of ball-and-socket construction and 
as pressure is applied in clos- 
ing the valve the Hi^bs are 
wedged tight against the seat 
rings 0, 0, the ball and socket 
admitting an adjustment that 
insures a tight fit. The bonnet 
top A is secured to the neck of 
the body B by bolts as shown. 
The screw stem turns in the 
packing chamber P, which is 





secure'y screwed into the upper part of the bonnet. The gland 
(oUower G is operated by the two stud bolts shown. 

6o, Check Valve. — A check valve is designed to permit the 
passage of a fluid in a pipe in one direction only. In the oper- 
kUon of a boiler feed pumji or injector such a valve is absolutely 
accessary to prevent the hot M-ater of the boiler being forced ' 
bn^ lo the pump when the latter is not working. Fig. ai ' 
ihiMi 1 sfCtion of an approved check valve, its construction 
h^^ ^wofctwbat aniilar to the stop valve of Fig. 19. The 
^dm 'T * c«^«sible and tightly secured in its holder by the 
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lock nut 5. The wing guides L work freely in the guide collar C 
which is rigidly held in the body by cap A. Water from the 
pump entering the chamber B from the right will hft the valve 
and pass on to the boiler through O. Any backward pressure 
from the boiler will act on top of the valve and promptly close 
it. There should always be a stop valve in the feed pipe between 
the check valve and the boiler which can Ix; closed at will, so 
that should the check valve leak, or fail to act, communication 
with the boiler may be shut olT and the check valve repaired. 

61. The Safety Valve. — The object of the safety valve is to 
relieve the pressure in the boiler when it rises above the working 
pressure desired. A safety valve should be designed to discharge 
the steam from the boiler as fast as it is generated when the 
boiler is forced to its full steaming capacity, and since the lift 
ot a safety valve is quite small, perhaps not exceeding one one- 
tenth of its diameter, it follows that the area of the valve must 
be relatively large. Should the quantity of steam generated by 
the boiler be greater than the demand, the pressure will rise 
and will, on reaching the height for which the valve is set, open 
the valve and allow the sun'lus steam to escape. When the 
pressure is reduced below that of blow^olf the valve is closed 
by its actuating force, that of a weight or of a spring. 

There are two kinds of safety valves, known as the lever and 
sjmng types. 

62. The Lever Safety Valve. — The illustration, Fig. 22, 
shows clearly the operation of the lever type of safety valve. 
The valve remains closed until the pressure in the boiler, acting 
beneath the valve, exceeds that imposed on top of the \aWe by 
the action of the weight and lever, when the \alve opens and 
allows the steam to escape until the pressure is reduced below 
that of blow-off. the action of the weight and lever then reseat- 
ing the valve. The lever is graduated so that the position of 
the weight for any predetermined blow-off pressure is known. 
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The graduations on the lerer are determined by taking mo- 
ments about the fulcrum. Denote the weights of the weight, 
the lever, and the valve (including its spindle) by \V. Wi. and 
w respectivel)'. Let a denote the distance of the weight from 
the fulcrum, b the distance of the center of gravity of the le\-er 
from the fidcrum. and let the distance from the fulcrum to the 




valve spindle be c. H d denotes the diameter of the valve i 
inches and p the gauge pressure of the steam in pounds per 

square inch, we shall have — -^ as the total pressure opposed to 

4 
the weights, and by moments about the fulcrum we shall have 

^^^ =Wa + Wib + wc. 
4 
Solving this equation for a will give the position of the weight 
on the lever for any given pressure p. 

63. The Spring or Pop Safety Valve. — The spring or pop 
lypc of safely valve, where the tension of a spring, instead of a 
weight and lever, is employed to govern the bfow-off pressure, 
is mure extensively used than the lever type. It is exclusively 
used in locomotive and marine practice where the attending jar 
and motion would interfere with the action of the lever. 
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The illuslrations, Figs. 23, 24, and 25, show the special pop 
safety valve of the American Steam Gauge Co., in fuU section, 
half-section, and quarter-section respectively. The compression 
of the spring, which governs the blow-off pressure of the valve, 
is adjusted by the compression screw G, which is threaded into 
the valve bonnet and seated in a follower on top of the spring. 




i-ir.. 24. 



The valve spindle passes through the screw (/, which is bored 
for the purpose, and has on it a loose flange D resting with a 
spherical bearing on a collar on the spindle; on this flange rests 
the lower end of tlie 5])ring, thus distributing evenly the com- 
pression load of the spring. It is seen that the spring is incased 
in the bonnet to prevent injurious contact with the hot steam, 
the spindle passing through and guided by the bottom of the 
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case. The compression of the spring is transmitted to the back 
of the valve at a jjoint below the level of its seat, which is for 
the purpose of insuring the fair and even seating of the valve. 
In order that the valve may be lifted by hand, which should be 
done daily, a powerful form of lifting lever has been devised, 
as is well shown in Fig. 
2j. The leverage of the 
long vertical arm is com- 
pounded by the short 
connecting hnk which 
becomes a toggle as the 
long arm approaches the 
horizontal position and 
acts with further lever- 
age un tile cap on the end 
of the spindle through 
the top horizontal lever, 
;is shown in Fig. 25. The 
■valve proper is made of 
bronze and is guided by 
perfectly fitting wings in 
the bushing forming the 
valve seat. 

It will be observed 
ihat the weight to be 
overcome in lifting a 
^"' -5 lever safety valve is 

constant, and that, therefore, when it begins its lift there 
K BO additional pressure required to Uft it higher. Such is 
mtt tite case with the spring type of valve, for the more a 
^nr^ b cumpressed the more pressure is required to compress 
^ diL 6tEtlKT. so that there must be some means of providing 
[ pRssure when a pop safety valve commences to 
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open in order that the varying compression of the spring may 
be overcome and the valve open to its full lift. This provision 
is made in the valve under discussion by giving to the valve a 
grooved lip which overhangs the seat, as seen at C. When the 
valve commences to lift, the rapidly moving escaping steam 
strikes within the groove and is deflected backward, the reaction 
on the valve causing additional pressure to continue the lift 
of the valve. It is desirable that the hlaw-dawn, that is, the 
difference between the blow-off and closing pressures, should be 
from 3 to 5 pounds, and this can be effected only by prolonging 
the period of blowing off. The ring A is for the purpose of 
regulating the blow-down. It encircles the valve seat and may 
be raised or lowered by means of the screws 5, B, Lowering 
the ring lowers the blow-down by giving a free escape to the 
steam; raising the ring restricts the escape of the steam and 
raises the blow-down. 

In testing a boiler it is subjected to a hydraulic pressure much 
in excess of its working steam pressure, and in order to protect 
the spring of the safety valve from the excessive test pressure a 
testing nut H is provided. It screws down on the threaded end 
of the compression screw G until the inner side of the nut top 
bears upon the collar shown on the valve spindle. This pre- 
vents the spindle from rising and holds the valve in its seat with- 
out altering the compression in the spring, or without increasing 
the load on the spring. The test nut must be removed after 
the test and the regular cap and lock nut replaced, as shown in 

Fig. 25. 

64. Blow-oflE Valve. — In a pipe leading from the lowest part 
of a boiler is placed some form of globe valve or conical plug 
valve, the purpose of which is to blow from the boiler any sedi- 
ment that may collect, and also for blowing the water out of 
the boiler when fires are hauled. At the bottom of the boiler 
there is always a cock which enables the boiler to be drained dry. 
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65. Water Column. — The height of the water in the boiler 
is indicated in two ways — by gauge cocks or by a water-glass, 
and very often by a combination of both. The usual arrange- 
ment. Fig. 26, consists of a 
cast-iron cylinder, called a 
water column, which ismounl- 
cd at the front end of the 
boiler, its upper end connect- 
ing with the steam space at 
the top and to the water space 
near the bottom, and 50 placed 
that the water level in the 
boiler will be at the middle of 
the column. To one side of 
the column is attached three 
gauge cocks, one at the desired 
water level, one above, and 
one below. By opening these 
cocks at any time the level of 
the water in the boiler may be 
determined with certainty by 
the nature of the discharge. On the front of the water column 
is the water-glass. It consists of two brass fittings that screw 
into the water column at its top and bottom. A glass tube 
connects these fittings, the ™- 
connections being made by ( 11— ^SipfflSffiw 
means of stuffing-boxes and 
rubber packing rings. Each 
of the fittings has a valve by 
which the connection with the 
water column may be shut off when replacing a tube. In addition 
there is an automatic baU cut-off valve between the valve of 
each fitting and the water column, shown in section in Fig. 27., 
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After the gauge has been placed in position, close the valve 
by means of the wheel N, and in doing so a prolongation of 
the stem through the valve pushes the ball L into the recess 
prtpared for it, and the pressure around the ball becomes equal- 
iied at once. The stem L must then be withdrawn and the 
valve left wide open. Should the glass break, the sudden rush 
of steam or of water would carry the ball home to its seat, thus 
preventing the emptying of the boiler and all danger to the 
dreman. Stout wires about the glass guard it from injury. 
The glass gauge is ver>- convenient, but not so reliable as the 
gauge cocks. There is danger of the passages to the glass tube 
becoming choked, to prevent which the drain cock at the bot- 
tom should frequently be opened and the glass blown through. 
66. Steam Gauge. — The steam gauge of a boiler is in the 
nature of a safety device, as it indicates the pressure of the steam 
carried. The principle of the action of the Bourdon tube is 
universally employed in spring pressure gauges. The single- 
^ring Bourdon pressure 
gauge is shown in Fig. 28, 
the graduated face dial 
being removed. 

The essential part of the 
gauge istheseamless-drawn 
Bourdon tube, elliptical in 
section, and bent into the 
arc of a circle. The tixed 
end of the tube is in con- 
nection with a pipe which 
leads to the steam space in 
the boiler, while tht: other 
end is closed and free to 

move and is connected to the pointer by means of the links 
and sector as shown. The teeth of the sector mesh with a 
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small pinion on the shaft at the center, and thus any movement 
of the free end of the tube is transmitted to the pointer. The 
small spiral spring shown at the center is attached to the pinion 
for the purpose of taking up the back-lash of the moving parts 
when the pressure is lowered. The action of the steam pressure 
within the tube tends to change its shape from elliptical to 
circular, causing an outward movement of the free end, and the 
consequent movement of the pointer over the face of the dial, 
the graduations on which are made to agree in pounds per square 
inch above the atmosphere with the indications of a mercurj' 
gauge or of a standard spring gauge. If the steam itself were 
permitted to enter the tube the temperature changes would 
affect its shape and make the readings inaccurate. To avoid 
this a siphon bend filled with water is interposed in the pipe 
between the gauge and the boiler so that the steam pressure is 
made to act on the tube through the medium of the water. 

This gauge is sometimes made with a combination of two 
Bourdon tubes for the purpose of decreasing its sensitiveness, 
and thus avoid the vibrations of the pointer due to the jarring 
motion of a locomotive, but the principle of its action is the 
same as that of the single-tube gauge. 

67, Recording Pressure Gauge. — The um'form maintenance 
of the boiler pressure required for a power plant is an important 
factor in the economy of its operation. Wide fluctuations in 
pressure mean poor economy. Recording pressure gauges are 
devised to give a graphic rei)resentation of the pressure carried in 
the boiler during the period, day and night, of the plant's operation. 
By this means the superintending engineer can inform himself as 
to the degree of safety and eflkiency of the prevailing conditions. 
An improved recording pressure gauge, manufactured by the 

lldMliial Instrument Co., of Foxboro, Mass., is shown in Fig. 

•1^ The i^dpal parts of the instrument are lettered and 
iftidlkms: 
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The steam connection is made through the socket F. From 
f ibe steam passes through the small tube E to the inside of a 
flat helical tube E, the inner end of which is made fast to the 
cast frame J. The shaft D has a bearing in the frame at each 
of its ends, and from its inner end it is cormected to the outer 
ur free end of the helical tube H, This connection, which is 



I 




Ho. 19. 
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unseen in Fig. 29, is made by means of a thin and flexible metallic 
strip. On the outer end of the shaft D is mounted the pen arm 
B, on the end of which is a V'-shaped pen A. At C is a friction 
joint in the arm B, which enables the pen to be adjusted. A 
chart attached to the face of the instrument at G is revolved 
by means of clockwork inclosed in the casing 7. The clock 
movements are arranged for the following time revolutions of 
chart: 15 and 30 minutes, i, 2, 3, 4, 6. 12, and 24 hours. 
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The operation of the inatrument is els follows: The pressure 
of the steam within the helical lube H causes it to untwist an 
amount proportional to the pressure, and the movement due to 
this untwist is communicated directly to the shaft D by means 
of the flexible connecting strip above referred to. The move- 
ment of the shaft in turn is communicated to the pen A through 
the arm B and the corresponding pressure recorded on the chart. 




In Fig. 30 is shown a reduced reproduction of a chart with a • 
pressure record for 34 hours. This record shows excessive pre^ 
sure fluctuations resulting from ixx>r and uneconomical firing. 
The chart shows how day and night portions are made plain by 
means of skeleton and bold faced type. 

For low ranges of pressure — below 10 pounds per square inch 
— the same company employs an improved diaphragm form 
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of pressure tube, shown in Fig. 31. The pressure tube H con- 
sists of a series of diaphragms built up in the form of an accordion. 
The steam entering through the tube E causes, by its pressure, 
an elongation of the tube, 
which lateral motion is multi- 
plied by means of the restrain- 
ing coils / fastened to one side 
of the diaphragms. This mo- 
tion is communicated to the 
shaft D, and thence through 
the arm B to the pen A. 

The pen, pen arm, and shaft 
are arranged similarly to those 
of the helical form, the two 
movements being interchange- 
able. 

The helical spring movement 
has the advantage over that of 
the flexible flat diaphragms in 
that it provides a much longer 
length over which the bending 
effect is distributed, 

68, Vacuum Gauge. — Vacuum gauges are graduated to 
measure a vacuum in inches of mercury, and since the atmos- 
pheric pressure of 14.7 pounds per square inch supirorts a column 
of mercury of very nearly 50 inches, it follows that two inches 
of vacuum is the equivalent, approximately, of one pound 
pressure. In other words, if one end of a glass tube were con- 
nected to a chamber in which there was a perfect vacuum, and 
the other end dipped in an open cup of mercury, the mercury 
would rise in the tube to a height of very nearly 30 inches. It 
is impossible to obtain a perfect vacuum in the condenser of 
a steam engine, the average vacuum being about 26 inches, so 
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that imder such conditions there would be " 



: 1 pounds 



per square inch back pressure in the condenser opposed to the 
forward pressure on the engine piston during a stroke. 

A gauge with a Bourdon tube similar to the pressure gauge 
of Fig. 28 is generally used to measure vacuum, the dial being 
graduated to indicate inches of mercury, the graduations extend- 
ing from o to 30. The action is the reverse of the pressure 
gauge, the vacuum operating within the tube and the pressure 
of the atmosphere without. 

69, Steam Trap. — The object of the steam trap is to drain 
from the steam pipe any water that may be carried into it by 
the steam, or that results from condensation, without permitting 
the escape of the steam. 




le of the steam trap is that of the V. D. 
B in Fig. 32. It works continuously and auto- 
pi tuwl its tmtwrtant parts are made of phosphor bronze, 
1^1^ \alve ;ind seat are made of hardened nickel steel 
KW>MflS v.t>iHlitions are unusually severe. 
iMirw be Ununed enters the trap at the opening marked 
«^k. ifc ilteiiiVKcd at the opening marked "outlet." 
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Any scale or sediment passing in with the steam is caught in 
the strainer A, thus preventing it getting into the working parts 
of the trap. 

The float C is made of spun copper, and its lever arm D is 
pivoted at its end as shown. The construction of the end of 
the lever arm is a mechanical feature of the working of the trap. 
The end is elongated and pivoted at about its middle, which 
permits the end to act as a rocker arm as the float rises and falls^ 
the arm of the rocker below the pivot operating the valve B 
through the connection £, and the arm above the pivot carrying 
a brass stud at its end on which rides a projection on the arm of 
the counterweight F. The coimterweight is pivoted at the end 
of its arm and its object is to overcome the effect of the dead 
weight of the float and its lever arm and thus increase the 
buoyancy of the float. 

When sufiicient water has accumulated in the trap to bring 
its level about 3 inches above the valve 5, the copper float will 
begin to rise, the rocker action of the lever D drawing the valve B 
from its seat, thus permitting the water to drain through the 
outlet. As long as the 3-inch water seal is maintained the trap 
works continuously, permitting no steam to escape. If the 
water level falls below 3 inches the float falls automatically 
and closes the valve B. 

It will be observed that the counterweight constantly imposes 
a thrust on the brass stud in the upper arm of the lever end as 
it rides over it, the effect of this thrust being an equal tendency 
to raise the float as that of the dead weight of the float and its 
arm is to lower it, thus increasing its buoyancy. 

By giving the "by-pass" handle a half turn to the left, the 
cam S is brought in contact with an extension beyond the pivot 
of the counterweight arm, which has the effect of raising the 
float through pressure on the brass stud in the upper arm of the 
elongated head of Z?, and thus open the valve and allow steam 
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to blow through and remove any sediment that may collect 
about the valve. 

The water-glass T provides a ready means of noting the 
water level in the trap, and through the drain cock U may be 
blown any sediment that may accumulate in the trap. 

The valve B and seat A' are removable, the seat being held 
securely in place by the threaded follower L and lock nut M, 
and in order to gain access to these parts it is only necessarj* to 
remove the head cover N held in place by the swinging crab P. 
All working parts of the trap are attached to the head R. 

70. Reducing Valve or Pressure Regulator. — When it is 
desired to use steam at a pressure less than that in the boiler, 
it is passed through some form of reducing valve whose action 
reduces the pressure to that desired. The Foster reducing valve 
«or pressure regulator is illustrated in Fig. 33. The valve is 
controlled and operated by the movement of a diaphragm op- 
posed to the action of springs whose tension is adjusted accord- 
ing to the delivery pressure to be maintained, and this pressure 
is entirely independent of the pressure in the supply pipe. 

The steam enters the valve at A, and, flowing in the direction 
indicated by the arrows, passes out at B. The regulating valve 
4, 5 is of the double-seated balanced type, closing upward, and 
held in alignment by its hollow stem 3 sliding in the casing above, 
the stem being grooved for water packing. 

In the upper part of the case there is a large circailar chamber 
D, inclosed by the diaphragm d. This diaphragm is attached 
to the valve 4, 5 by a connection 2, pivoted at its diaphragm 
end and held to the valve by a nut at the bottom. This over- 
comes any slight variation in alignment between the diaphragm 
and the valve without in any way cramping the motion of the 
valve. A porthole E. running from the delivery side of the 
valve to the chamber D, gives the steam, at delivery pressure, 
access to the bottom of the diaphragm. The diaphragm is 
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prevented from yielding to this pressure by the combination of 
levers and springs above. Resting on the jam nut b and against 
the links 8, 8 are the toggle levers a, a. As the diaphragm is 
forced upward by the pressure, the ends of these levers are 
forced outward against the links 8, 8. These links are pivoted 
at the bottom, and by the action of the toggle levers their upper 
extremities are pressed against the springs whose tensions are 
adjusted by the spring bolts K. In operation, the steam on 




Fic. 33. 
the delivery side of the vah'C passes up through the port E, 
and when it has reached the pressure that overcomes the tension 
of the springs, the valve is raised, thus restricting the opening 
for the supply steam and reducing its pressure by wire-drawing 
to that desired. 

If, when delivering steam to an engine, there should be violent 
pulsations of the diaphragm, close the port E partially by turn- 
ing the screw M slowly to the right until only a slight movement 
is perceptible. 

WTien delivering steam to an engine or pump, locate the regu- 
lator far enough away from the steam chest, so that the cubical 
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contents of the pipe between the regulator and the steam chest 
shall not be less than that of the steam cylinder. This provides 
a cushion which prevents violent movement and wear of the 
valve. 

There should be a stop valve on the high pressure side 
of the regulator, which must be wide open when steam is 
passing through the regulator and closed when no steam is being 
used. 

71. Back Pressure Valve. — To avoid the danger incident to 
an accumulation of pressure in the condenser of a steam engine, 
a form of safety valve, known as a back pressure valve, is used. 
Pressure may accumulate by reason of a diminished condensa- 
tion of the exhaust steam through any failure in the supply 
of condensing water, or through an increase in the volume of 
steam exhausted by the engine. To prevent any such accumu- 
lation, the back pressure valve acts automatically in releasing 
the steam to the atmosphere. The area of discharge of a back 
pressure valve must be much larger than that of a safety valve 
designed to protect boilers, for the reason that the volume of a 
pound of steam at atmospheric pressure is much larger than that 
of the same weight of steam at boiler pressure, about ten times 
as great as that of a pound of steam at, say, 150 pounds pressure. 
In addition to this the spouting velocity from back pressure 
valves is only about one-third that from safety valves, so that 
a back pressure valve requires nearly 30 times as much area as 
does a safety valve to pass the same weight of steam. 

Very frequently back pressure valves consist either of a single 
disk held in place by a spring or a weight, or of a cylindrical 
balanced valve moving over ports in a chest. The disk type of 
valve is objectionable because of its great size and because of 
its tendency to hammer; and the cylindrical type, if made loose 
enough to prevent sticking, is hable to permit a waste of steam 
through leakage. 
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1^ the corrugated angle baffler. The steam readily changes 
(Jirection, but the heavier particles of water are dashed against 
ibe corrugated surface of the baffler and fall by gravity into 
the receiving chamber below. The steam current, in addition 
to its tendency to rise, is deflected from the corrugated baffler 
at an angle that causes it to be thrown against the circular shell 
St the top of the separator, giving to the steam a centrifugal 
motion which brings it in contact with the other leg of the angle 





Fig. 35. Fcg, 36- 

baffler to complete the separation before passing through the 
outlet to the engine. The advantage claimed for the corrugated 
baffler is that it provides the most effective separation. .\ny 
water that may adhere to the inner shell of the separator cannot 
find exit through the outlet because of the flange or rim around 
the nozzle of the outlet, around which the water is carried so as 
to drain into the receiver below. The gauge glass shows the 
height of the water in the receiving chamber. 

An Austin Figure "M" separator for use in a vertical pipe is 
shown in Fig, 36. As the steam enters at the top it comes in 
contact with the inclined baffler and is deflected against 
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The valve disks are made of bronze, are small and light and 
require only a small lift. As these disks are held to their seats 
by springs instead of weights, the total weight to be lifted when 
they open is comparatively small, so that they respond quickly 
to pressure. The seating of the disks is retarded by cushions of 
water in the dash pots, in which there is always water result- 
ing from condensation. The tension on the springs can be ad- 
justed by raising or lowering the pressure plate. 

The multi-port valve, as shown in Fig. 34, is the form partic- 
ularly adapted to heating and drying systems, to low-pressure 
turbines, and other apparatus; but when the valve is used with 
a condenser the springs are lighter and provision is made to 
protect the vacuum by maintaining a water seal over the disks. 
This is automatically arranged by means of a float in an inde- 
pendent chamber which controls the inflow of water through a 
valve, so that the valve deck is submerged as long as the disks 
are closed. When the disks Hft from their seats the water 
inlet valve is automatically closed by suitable gear. 

72. Steam Separators. — The object of separators is to re- 
move from a current of steam any water or oil that it may carry, 
thus rendering the steam dry and free from oil impurities. There 
are two types of separators, one in which the separation is 
accompHshed by gi\'ing to the steam a whirling motion as it 
passes over a hehcal path, and the other by bringing the swiftly 
moving steam in contact with a baffling plate placed approxi- 
mately at right angles to the direction of flow. In either case 
the separation is due to the ease with which the direction of 
motion of a swiftly moving current of steam may be changed, 
while the heavier particles of water or oil it contains tend to 
move in their original direction. 

73. The Austin Steam Separator. — The Austin Figure " E " 
steam separator for use in a horizontal pipe is shown in Fig. 35. 
As the rapidly moving steam enters the inlet il comes in contact 
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trith the corrugated angle baffler. The steam readily changes 
direction, but the heavier particles of water are dashed against 
the corrugated surface of the baffler and fall by gravity into 
the receiving chamber below. The steam current, in addition 
to its tendency to rise, is deflected from the corrugated baffler 
at an angle that causes it to be thrown against the ciradar shell 
at the top of the separator, giving to the steam a centrifugal 
motion which brings it in contact with the other leg of the angle 





baffler to complete the separation before passing through the 
outlet to the engine. The advantage claimed for the corrugated 
baffler is that it provides the most effective separation. Any 
water that may adhere to the inner shell of the separator cannot 
find exit through the outlet because of the flange or rim around 
the nozzle of the outlet, around which the water is carried so as 
to drain into the receiver below. The gauge glass shows the 
height of the water in the receiving chamber. 

An Austin Figure "M" separator for use in a vertical pipe is 
shown in Fig. 36. As the steam enters at the top it comes il 
contact with the inclined baffler and is deflected against 
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Spherical inner surface of the shell, thence against the second 
bafiler where it is again deflected to the spherical inner surface 
and then passes on to the engine. On meeting the first baffler 
the entrained water in the steam has its progress arrested and, 
as it collects in the grooved lip of the baffler, flows into the 
receiving space below. After leaving the first baffler, a further 
separation of the water from the steam takes place when con- 
tact with the second bafiler occurs. 

74. The Direct Separator. — The vertical type of separator 
made by the Direct Separator Company is shown in Fig. 37. 
The current of steam entering the separator 
impinges upon the conical surface composed 
of the solid plate C and trapping sheet or 
sieve B. through which water may pass freely, 
but from which it cannot readily escape. 
Passing through the sieve, the water is 
deposited on the solid surface of the cone 
and is conducted by a pipe to the water 
chamber beiow. By means of the cone the ' 
column of steam is changed into an annular 1 
ring, which is comparatively thin. The steam ' 
on the outside of tliis ring comes in contact ] 
with the lining E of the shell, which Is a sieve 
'"■ ■^'' of the same character as that at B. Thissieve ' 

catches and entrains any water that may be contained in that por- 
tion of the current, while the water contained in the inside of the 
ring is caught in the trough at the lower edge of the cylinder D, I 
and thence drained to the water chamber. The current of steam u 
passes through the passages indicated by the white lines and is 1 
subjected to a whip-snapping action which will throw ofi' any ] 
moisture that has not been caught by the surface over which it 1 
has passed. The diaphragm F prevents the steam from pick- 
ing any water out of the water chamber. 
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' Any accumulated moisture on the inside surface of the steam 
pipe above the separator is caught by the upper edge of the 
cone A and carried down back of the sieve-lining to the water 
chamber. 

The special points of this separator to which attention is called 
by the makers are: That it is designed to be placed next to the 
engine, giving no chance for condensation before steam is used; 
that as soon as a drop of water is separated it does not again 
come in contact with the steam current, and cannot be picked 
up and carried to the engine; that the whip-snapping action 
of the steam in passing downward at a high velocity and then 
quickly reversing its direction of flow precipitates the moisture, 
which is heavier than the steam, _ _ _ 

to tiie water chamber; that sepa- 
ration takes place largely while 
the water and steam currents are 
going the same direction, the 
steam current assisting gravity; 
that the upward passage for the 
steam is larger than that for the 
downward passage, and the up- 
ward current is immediately re- 
licT^ed by the boles shown in the 
steam pipe, so that there is no 
tendency to lift any particles of 
water that have started down- 
ward; that the areas are so ar- 
ranged as not to cause any loss in 
steam pressure by wire-drawing. 

The horizontal type of this separator operates in substantially 
the same manner as the vertical type. 

The section, Fig. 38, shows the construction material of this 
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separator. 



. the surrounding steel jacket, B is asbestos 
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lagging to prevent radiation, C is the cast-iron or steel shell, 
and D is the copper trapping or sieve-lining. 

The construction of the oil separators of the Direct Separator 
Company is the same as that of the steam separators, except 
that, on account of the low pressure of exhaust steam, they are 

I made lighter, and because the oil prevents rusting, the trapping 
sheets are made of steel 'I'he> are not covered with the non- 
conductor and jacket as are the =;team separators. 
_ Fig. 30. 

75. Exhaust Head. — In cases where the exhaust steam of 
power plants is released into the atmosphere the exhaust pipe is 
capped with an exhaust head, a device to trap the water and oil 
and prevent their deposit on roofs and walls in the shape of 
an unhealthy mixture in summer and ice formations in winter. 
It also muffles the noise of the escaping steam. 

The exhaust head of the Direct Separator Company is shown , 
in Fig. 39. It is built on the principle of the separator, 
water and oil bemg trapped by the perforated lining and i 
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mg it to the bottom of the head by quickly reversing the direc- 
tion of flow of the current of steam. The course of the steam 
is shown by the dotted white lines. The entrapped water and 
oil is carried off by a pipe as shown. 

76. Joints. — There are two kinds of steam-tight and water- 
light joints in connection with the steam engine and boiler, viz., 
jixed joints and sliding joints. Fixed joints are those between 
the fianges of piping, between the cylinder head and cylinder, 
between the valve-chest cover and chest, and those between 
the manhole plates and the boiler. Sliding joints are those 
which permit, without leakage, rods to enter and leave a cylinder 
or other vessel under fluid pressure, such, for example, as piston 
rods, valve stems, and pump rods. 

77. Packing. — In making fixed joints there is a great variety 
of packing used, depending upon the pressure and nature of the 
fluid. For moderate air and water pressures, and for low steam 
pressures, hemp and rubber packing may be used. Rubber is 
never used in its pure state as packing for steam joints, but 
ahrays in combination with some fibrous materia!, such as 
canvas. 

The packing when cut to fit the joint is called a gasket, and 
m making the joint it is advisable to coat the gasket with a 
mLiture of black lead and tallow, or oil, a precaution which 
enables the joint to be remade without destroying the gasket. 
For high-pressure joints gaskets are made of corrugated sheet 
copper or of copper wire, the soft copper spreading as the flanges 
are tightened. 

The packing used for sliding joints is either metallic or a mix- 
ture of India rubber and canvas. The latter is made in both 
square and circular section, and consists of a core of rubber 
wrapped with canvas. Such packing is quickly destroyed when 
used in coimection with superheated steam, or with steam of 
high pressure. Asbestos has been tried as a material for pack- 
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ing sliding joints, but unsuccessfully, as it wears too rapidly 
under friction, though practically unaffected by high temper- 
atures. The introduction of metallic packing solved the diffi- 
culty in regard to temperature, and its adoption, to as great a 
degree as any other one thing, has made possible the use of 
superheated steam in the modern steam engine. 

78. Stuffing-box. — The receptacle for the packing in sliding 
joints is known as a stuffing-box, the famihar attachment through 
which the rod or stem enters steam and water cylinders, valve 
chests, and the vanous forms of globe and gate valves. 

In Fig. 40 the stuffing- 
box A is shown in solid 
section, bored to a diameter 
greater than that of the rod. 
At the bottom of the box 
is fitted a composition bush 
b whose bore is just suffi- 
cienth' large for the passage 
of the rod R. The packing 
is cut in strips long enough 
to encircle the rod and 
placed around the rod in 
the annular space c, c. The 
packing is then compressed 
by means of the nuts on 

the stud bolts in forcing the gland d against the packing, and 

thus make the joint tight. 

79, Metallic Packing. — MetaUic packing is essential to the 
efficient use of superheated and of high-pressure steam. For 
stationary and marine engine piston rods and valve stems, the 
double form of packing produced by the U. S. Metalhc Pack- 
ing Co., shown in Fig. 41, is very extensively and successfully 
used. The packing proper consists of two sets of babbitt metal 
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rings, lo, 10, 10. the set nearest the cylinder or valve chest 
bdng dqjended upon to do most of the work. These soft metal 

rings, which come in contact with the rod and do the actual 

mnt of the packing, are cut in halves with a small open space 

between the ends when first applied so that they may readily 

CCfflform to the surface of the rod when closed up bj' screwing 

the gland 9 hard down on the stuihng-box, the ends of the rings. 

coming solidly together. 
The two sets of rings are separated by the dividing ring 8^ 

and should any water or steam lead through the first set it is 

caught by the second set and can be 

drained off; also should the first set 

wear out, the second set is already on 

the rod to take up the work. 
The packing rings are conical in sliape 

on their outer surfaces so as lo fit into 

the similarly shaped interior surface of 

Ihe vibrating cup 6. When the gland 

is .screwed down on the stuffing-box. the 

packing rings take their adjustment 

and are held in place by the action of 

the springs 4 and follower rings 5. The 

joints between the follower rings 7 and the dividing ring 8 and 

the gland g are each spherical, giving the efi'ect of ball-and-socket 

joints. 

When in operation, the packing rings 10 are forced by the 
steam pressure into the vibrating cup 6 and against the rod or 
stem. Flexibility is attained by means of the spherical ball 
joints, enabling the packing to accommodate itself to rods 
running out of line without in any way impairing its efficiency 
or increasing friction. 

The particular function of the springs is to hold the packing 
in place when steam is shut off, the pressure they exert being 
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only about lo per cent of the total applied to the packing when 
steam is on. 

This packing is automatically adjusted by the steam pressure, 
works with a minimum of friction, and is durable. 

The King type of U. S. metallic packing used for locomotive 
piston rods is shown in Fig. 42. Its operation will be under- 
stood by an inspection of the figure. The gland 3, when screwed 
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home against the stuffing-box, compresses the spring 10, the 
packing ring 6 being thus adjusted and held in place by the 
ring 4, the half-pieces 5 and 7, and the retainer 9. The swab 
holder contains the cotton swabbing, which is kept saturated 
with oil for lubrication purposes. It should be noted that the 
bevel face of the packing ring is toward the cylinder. 

80. Expansion Joint. — In the piping for conveying steam 
from the boiler to the engine, or to auxiliaries, provision must 
be made for expansion, particularly when the steam is super- 
heated and of high pressure. If the pipe were rigidly connected 
at its ends, the irresistible force of expansion would distort and 
weaken it, or break the fittings. Bends in small steam pipes 
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ii grille surface, and burning ii pounds 

I hour, consumes 3 pounds of coal and 

I'lr hour. The ratio of grate surface to 

Lie weight of contained water in the boiler 

iif heating surface. How many t 

. I empty the boiler? Ans. 15 minutes. 

r a forced draft of 7.5 inches of water. 

Ans. 0.09 pound per square inch,^H 
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THE SLffiE VALVE AMD ITS MOTION 

8i. The Action of the Valve. — In the steam engine steam is 
adniiiied to unr] exhausted from each end of the cylinder by a 
valve actuated by a part of the engine itself. 

With the exception of the drop valves used with beam engines 
of slow rotational speed and the special cases of rotating valves, 
such as those used with the Corliss engine, the ordinary locomo- 
tive slide valve and its modification known as the piston valve 
are exclusively used in stationary and marine practice. The 
inadaptability of the drop and rotating valves to engines of high 
rotational speed, due lo their trip gear, has limited their use. 

Thf smooth and economical working of an engine depends to 
a Urge extent upon the proper admission and release of steam 
to aikI from the cylinder, and it is therefore very important 
ttet stmiy should be given to valves and their design. 

te R^ 44. 45, 46. 47. 48, and 49 the hatched sections repre- 
ijfrt 1^ \'alve seat and parts of the cylinder and piston, while 
te ^>U shows u longitudinal section of an ordinary' slide valve. 
Ih Ar \mlve scat there are three passages or ports, two lead- 
MiJiM^ ^K j^tcam or valve chest to the cylinder, and the other 
^■K«ikker lo (he condenser, the atmosphere, or, in the case 
aion engines, to the next cylinder in the order 
The steam ports leading to each end of the 
■oufeNl 5 and S'. and the exhaust port, through which 
i ifce cylinder, is marked E. The flat face of , 
flight on the flat seat on the side of the 1 
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The motion of the slide valve in distributing steam in the 
cylinder during the stroke of the piston P will be understood 
by reference to the figures, the arrows indicating the directions 
of motion of the valve and piston. 
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Fig. 44. 



In Fig. 44 the piston is just commencing its stroke to the right, 
the valve showing a slight opening of the port at S for the ad- 
mission of steam into the cylinder. This slight opening of the 
port for steam when the piston commences its stroke is known 
as the lead of the valve and is always provided for. The enter- 
ing steam starts the piston on its stroke, the valve moving in 




Fig. 45. 

the same direction. The port S' has been opened by the in- 
side edge of the valve, thus allowing the steam in the cylinder, 
which had been used on the preceding stroke of the piston to 
the left, to escape through the exhaust port E and exhaust pipe 
shown in circle. The valve and piston continue their motions 
m the same direction until the valve reaches the limit of its 
travel to the right, as shown in Fig. 45, and comes for an instant 
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to rest, the piston continuing its motion. The valve being now 
at its extreme point of travel to the right, it will be seen that 
the port 5" is wide open to the exhaust, but that the port S is 
not wide open for the admission of steam. In the design of 
the valve it is always arranged to have a full opening of the 
port for exhaust, but a full opening of the port for steam is 
rarely provided for. 

The eccentric, which is the actuating mechanism, now causes 
the valve to commence its return stroke, the valve and piston 
moving in opposite directions. When the valve arrives at the 




Fig. 46. 



position shown in Fig. 46 the important event known as cut-of 
takes place, the steam edge of the valve having just closed the 
port 5, preventing any further admission of steam to the cylinder, 
the remainder of the stroke of the piston being accomplished by 
the expansive force of the steam already admitted. The ratio 
of the final volume of steam found in the cylinder to the volume 
admitted before cut-off is known as the ratio of expansion. The 
ix>rt 5\ it will be noticed, is still open to exhaust. The valve 
jknvt |>islon continue their motions in opposite directions, and 
pi^ ir ^^^ws the valve in mid position, the piston having nearly 
v\»ittt*iccv\l Its slR^ke, and the exhaust or inside edges of the valve 
v\»iit\Ktitt^ with the inner edges of the steam ports 5 and 5'. 
tt\ix aiivi ^.v«v^ition results from there being no inside or exhaust 
\4» .v» '.♦w \cilvv. which is rarely the case, as will be seen later. 
WUrt lih; \cii\c in this ix)sition two events of importance occur. 
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The closure of the port 5' has entrapped within the cylinder some 
of the exhaust steam of the preceding stroke, and as the piston 
proceeds this steam is compressed, its pressure gradually increas- 
ing as the piston nears the end of its stroke. This compression 
provides an elastic cushion of steam which absorbs the momen- 
tum of the reciprocating parts of the engine and brings them to 
rest without shock. The compressed steam assists the entering 
steam in starting the piston on the return stroke, and as it fills 
the clearance space it has an appreciable effect on the amount 




Fig. 47. 



expended, since a less quantity need be drawn from the boiler 
at each stroke. 

The left-hand inner edge of the valve having arrived at the 
inner edge of the port 5 the other event now occurs. The con- 
tinued motion of the valve in the direction of the arrow opens 
the port S and the steam that has been driving the piston is 
allowed to escape through the exhaust port £, the pressure on 
the left of the piston being suddenly reduced. This event is 
known as the release of the steam. 

The motions in opposite directions of the valve and piston 
continue, the port S opening wider to exhaust and the pressure 
of the compressed steam increasing until just before the arrival 
of the piston at the end of the stroke when the outside or steam 
edge of the valve reaches the outside edge of the port 5', as 
shown in Fig. 48. Now follows the event of admission, and as 
the port 5" imcovers fresh steam is admitted, raising the com- 
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Spherical inner surface of the shell, thence against the second 
baffler where it is again deflected to the spherical inner surface 
and then passes on to the engine. On meeting the first baffler 
the entrained water in the steam has its progress arrested and, 
as it collects in the grooved Up of the baffler, flows into the 
receiving space below. After leaving the first baffler, a further 
separation of the water from the steam takes place when con- 
tact with the second baffler occurs. 

74. The Direct Separator. - — The vertical type of separator 
made by the Direct Separator Company is shown in Fig. 37. 
'f'hc current of steam entering the separator 
impinges upon the conical surface composed 
of the solid plate C and trapping sheet or 
sieve B. through which water may pass freely, 
but from which it carmot readily escape. 
Passing tJirough the sieve, the water is 
deposited on the solid surface of the cone 
and is conducted by a pipe to the water 
chamber below. By means of the cone the 
column of steam is changed into an annular 
ring, which is comparatively thin. The steam 
on the outside of this ring comes in contact 
with the lining E of the shell, which is a sieve 
'^' ■*'■ of the same character as that at B, Thissieve 

catches and entrains any water that may be contained in that por- 
tion of the current, while the water contained in the inside of the 
ring is caught in the trough at the lower edge of the cylinder D, 
and thence drained to the water chamber. The current of steam 
passes through the passages indicated by the white lines and is , 
subjected to a whip-snapping action which will throw off any j 
moisture that has not been caught by the surface over whicb 
has passed. The diaphragm F prevents the steam from 
ing any water out of the water chamber. 
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the shaft revolves the eccentric is carried with it, the latter 
turning within the strap, thus giving to the end A of the rod 
a reciprocating motion which is communicated to the valve. 
The end A , which is guided to move in a straight line pointing 
to the center of the shaft, is directly connected to the valve 
stem in engines designed to run in one direction only, but in 
locomotives and marine engines where the direction of motion 
is often reversed the reciprocating motion is commuiucated to 
titt valve through the agency of a link. 
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An exajninaUon of Fig. 50 will show that the motion of the 
end A of the rod along the line CB will be twice the distance CE, 
the distance between the centers of the shaft and eccentric. This 
distance is variously called the ihrmv of the eccenlrk, eccentric arm, 
and eccentric radius, and is equal to the half-travel of the valve. 
It will readily be seen that the motion given to the point A 
is exactly equivalent to that which would be produced by a 
crank CE and connecting-rod EA, from which we conclude that 
the eccentric and rod is a special case of the connecting-rod and 
rcrank mechanism in which the crank-pin is made so large as to 
linclude the shaft within its section. In order that this may 
'he, the radius of the eccentric must be greater than the sum of 
(the radii of the crank and of the shaft, that is, Er' > EC + Cr 
KFig. so)- 

[ Having considered the action and actuating mechanism of the 
ide valve in the distribution of the steam in the cyUnder, it is 
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next in order to fix the position of the eccentric on the shaft rela- 
tive to the crank, so that the events illustrated by Figs. 44, 45, 
46, 47, 48. 49 shal] occur at the proper times. 

For tliis purpose a slide valve with faces of just suffident 
width to cover, when in central position, the steam ports S and 
5', Fig. 51, will be used in illustration. 




In order that alternate strokes of the piston in the cyhnder 
shall be in opposite directions the valve must provide that, at 
each stroke, steam shall be admitted to the driving side of the 
piston and that the steam used in the preceding stroke shall be 
exhausted from the opposite side. The valve in Fig. 51 is in 
its central position and if its movement were so timed that it 
would occupy that position simultaneously with the arrival of 
the piston at the end of either stroke, the pro\'ision required of 
the valve would be fulfilled, provided the movement, or travel, 
of the valve during one stroke of the piston were equal to twice 
the width of the steam port, and that the first half of the valve 
movement were in the same direction as that of the piston and 
the last half in the contrary direction. Since the throw of the 
eccentric is equal to the half-travel of the valve, and as the 
crank moves with the piston, it is at once evident that the desired 
motion of the valve of Fig. $1 woiild be obtained by placing the 
eccentric on the shaft 90° ahead of the crank. We wll now 
consider the distribution of the steam in the cj'linder by the 
valve of Fig. 51, the eccentric being placed on the shaft 90° ahead 
of the crank. The piston being at the end of the stroke the 
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fcceatric will cause the valve to move to the right to admit 
steam to the cylinder through the port S to drive the piston in 
Ihe same direction. Simultaneously with the admission of steam 
into the port S, the right-hand inside edge of the valve will open 
the port S' to the exhaust, and there will not have been any 
reUase of the steam before the piston arrived at the end of the 
preceding stroke, nor had there been any lead to the valve to 
give the full steam pressure on the piston at the moment of 
commencing the stroke imder consideration. After the eccentric 
arm has revolved through 90'', the valve will have reached its 
extreme distance to the right, a distance just sufficient to open 
wide the port 5 to steam and the port S' to exhaust. The 
crank and eccentric continue to revolve and the piston proceeds 
on its stroke; but the instant the eccentric passes the 90° point 
of its rotation, the valve commences its travel to the left, and 
after a further angular motion of 90° by the crank and eccentric 
the piston will have arrived at the end of its stroke simulta- 
neously with the arrival of the valve to its original position. 
Thus, it is seen, there has been no cut-off of the steam before the 
arrival of the piston at the end of its stroke, and therefore no 
advantage taken of the expansive force of the steam to complete 
the stroke; nor has the exhaust closed before the completion of 
the stroke to provide for that very necessary elastic cushion of 
ctnapressed steam to bring the piston gradually to rest without 
shock. 

The relative movements of the crank and eccentric, as just 
e]q>lained, will be better understood by a reference to Fig. 52. 
Let CR and CE be the original positions of the crank and eccen- 
tric arms for the position of the valve shown in Fig. 51; and 
let CR' and CE' be the crank and eccentric positions after the 
shaft has revolved through 90°, the valve having moved its 
extreme distance CE' to the right and opened the ports wide to 
steam and exhaust. A further rotation of 90° by the shaft 
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Fig. 52. 



brings the crank and eccentric to the positions CR!' and CE" 
respectively, the valve having returned through a distance E'C to 
its original position just as the piston completed its stroke; for 

while the center of the crank-pin 
has rotated through the semi- 
circle RR'R" its motion of trans- 
lation has been the diameter 
RR" of the crank-pin drde 
which, of course, is equal to the 
stroke of the piston. If the shaft 
were to complete its revolution, 
as indicated by the dotted semi- 
circles, the crank and eccentric 
would assiune their original 
positions CR and CE and the 
valve would have moved its extreme distance CE'" to the left 
and returned the same distance E'"C to its original position, 
the piston meanwhile completing its return stroke and the posi- 
tions of the valve and piston would be as represented in Fig. 51. 
The action of this valve is clearly defective and the difficulty 
.results from delaying imtil the end of the stroke the changes 
which are necessary for its reversal. 

In practice this difficulty is avoided by making the valve 
longer so that when in its central position its faces more than 
cover the steam ports, as shown in Fig. 47; and in addition to 
this lengthening of the valve the eccentric is set on the shaft 
an angular distance greater than 90^ ahead of the crank. 

83. Definitions. — Lap of the valve — called outside lap or 
steam lap — is the distance the outer or steam edge of the valve 
extends beyond, or laps over, the steam edge of the port when 
the valve is in its mid-position. 

Lead of the valve is the distance the valve imcovers the port for 
the admission of steam when the piston is at the end of its stroke. 
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It has been pointed out that giving lead to the valve provides 
that a full pressure of steam shall be exerted on the piston at the 
commencement of its stroke, and that assistance be rendered 
the compressed steam in bringing the piston momentarily to 
rest without shock at the end of (he stroke. 

84. Angular Advance. — Regarding the valve of Fig. 47 as 
that of Fig. 51 lengthened to overlap the ports, it will be seen 
that in order to give it lead when the piston is at the end of its 
stroke, as shown in Fig. 44, p. 103, we must first advance the 
eccentric CE, Fig. 53, through 
an angle ECA , called the angle 
of lap, to move the valve a „ 

distance CP equal to the lap, ' c [^6 

and then advance it through ^'"^ 53- 

the angle ACB, called the angle of lead, to move the valve a 
distance PD, equal to the desired lead. The sum of these two 
angles, the lap and lead angles, is known as the angular advance 
of the eccentric, and is the number of degrees in excess of a right 
angle that the eccentric is set on the shaft in advance of the 
crank. 

85. Observations. — The primary object in giving lap to a 
valve is to provide means for cutting off the admission of steam 
into the cylinder before the end of the stroke, so that advantage 
may be taken of the expansive power of the steam to continue 
the movement of the piston to the end of the stroke. There is 
a limit, however, to the amount of lap that should be given^a 
valve. The addition of lap necessitates an increase of the angu- 
lar advance of the eccentric in order to maintain the lead, and if 
the maidmum port opening is also to be maintained the travel 
of the valve must be increased. It is always desirable to have 
a small valve travel so that the work expended in moving the 
valve shall be a minimum, and it is for this reason that double- 
ported valves are resorted to, as by their use only one-half the 
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travel of the single-ported valve is necessary for a given port 
opening. The increase in the angular advance of the eccentric 
will have the effect of hastening all the operations of the valve, 
and to whatever extent the opening of the exhaust has been 
hastened its closure will likewise be hastened and excessive com- 
pression may result. With a fixed eccentric the limit of cut-oflF 
by means of lap is about five-eighths of the stroke. 

If, when the valve is in its mid-position, the inside edges 
extend over the inside edges of the ports the valve is said to 
have inside or exhaust lap and its effect is to delay the release 
of the steam and hasten the compression. When in its mid- 
position if the inside edges of the valve do not overlap the inside 
edges of the ports, but show an opening to the exhaust, the 
valve is then said to have negative exhaust lap, and this is not 
infrequently the case, particularly with vertical engines where 
a prompt exhaust of the steam from the cylinder on the up- 
stroke is desirable. An examination of Fig. 47 will show that 
with negative exhaust lap there will be a period when both ends 
of the cylinder will be in commimication with the exhaust and 
with each other. This will occur just before compression and 
the released steam from the driving side of the piston will flow 
into the exhaust side, causing an increase in the back pressure 
which will be shown by a rise in the back pressure line of the 
indicator diagram just before compression. The period of this 
communication will be brief, as the motion of the valve is then 
at its quickest. 

The necessity for giving lead to the valve has been shown, its 
amount being fixed arbitrarily, according to the type of engine 
and the judgment of the designer. The rotational speed in all 
engines and the weight of the reciprocating parts compared to 
piston area in vertical engines are governing features in the 
determination of the amount of the lead. For slow-running 
stationary engines the lead varies from -q^^ to -^^ of an inch. For 
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Bie high-speed stationary engine it is seldom less than jV of an 
inch, and for the locomotive it is commonly j inch when at 
full speed and linked up. The weight of the reciprocating parts 

ta vertical engine acts with the steam on the top or down- 
>ke, and against the steam on the bottom or upstroke, and 
refore the necessity for increased lead at the bottom or 
ok end of the valve to assist compression in bringing the 
ton to rest without shock and to furnish prompUy a full 
pressure to start the piston on the upstroke. As much as three- 
eighths of an inch for the bottom lead of a vertical marine 
^engine is not uncommon. 

^^vFor reasons which will be explained later the angularity of 
^Hpe connecting-rod introduces an inequality in the movement 
^^r the piston which occasions a greater piston displacement on 
the forward (toward the shaft) stroke than on the return stroke 
for equal angular positions of the crank, and this inequality is 
greater as the ratio of the length of the crank to the length of 
the connecting-rod becomes greater. Then, since the cut-off of 
both strokes is effected by the same eccentric, there will be an 
inequality in the two cut-offs, later on the forward than on the 
return stroke. In stationary engines where the crank-connect- 
ing-rod ratio is comparatively small this inequality is not of 
much consequence and a partial comjjensation is usually pro- 
vided by giving a trifle less lap on the crank end of the valve 
than on the head end without seriously disarranging the leads. 
To provide for an absolute equality in cut-off would require so 
little lap on the crank end as to make the lead excessive. In 
vertical marine engines the crank-connecting-rod ratio is com- 
paratively large and the inequality in cut-off more pronounced; 
but since, as already stated, a large lead is desirable on the bottom 
or crank end, the lap on that end may be sensibly less than on 
e top end, which will a£ford a partial equalization of the cut-off. 
ftaddition to this it is common marine practice to make the top 
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cut-off a trifle later than that desired, which will make the bottom 
cut-off also later and therefore the mean cut-off more nearly 
that desired. 

86. Setting Slide Valves. — The efficient working of the 
engine depends largely on the proper adjustment of the valve 
on its stem and the placing of the eccentric in its proper place 
on the shaft. The performance of these two operations is called 
setting tfie valve. It is first necessary to locate the dead points of 
the engine, or put the engine on ils center, as it is called. When 
an engine is on its center a line joining the center of the crank- 
pin and the center of the shaft is in direct Une with the axis of 
the cylinder and the piston is then absolutely at the end of its 
stroke. To obtain this position the engine is jacked until the 
crosshead nearly reaches the end of its stroke, when a mark la 
made on the slide to correspond to one made or existing on the 
crosshead. At some point on the engine framing near the 
crank disk, the pulley, or the flj-Tyheel, make a center-punch 
mark and with this mark as a center, and a tram of convenient 
length as a radius, describe a small arc on the revolving part 
selected. Then jack the engine past the end of the stroke 
until the mark on the crosshead returns to the mark made on 
the slide. From the center-punch mark as a center describe 
another small arc with the tram on the selected revolving part. 
The crosshead or the piston is now the same distance from the 
end of the stroke as it was when the first arc was described on 
the revolving part, so if the distance between these two arcs be 
bisected and the point of bisection be marked with the center- 
pimch, then when the engine is jacked so that the tram exactly 
spans the distance between the two center-punch marks, the 
engine will be on the center and the piston at the end of the 
stroke. A like process will determine the other dead center. 
In putting an engine on its center, and during the whole o 
ation of setting a valve, the engine should be moved in 
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direction in which it is intended to run in order that all lost 
motion may be taken up in that direction. 

Valves are usually set for equal leads the exceptions being 
for vertical engines, as already pointed out, and for cases where 
attempts are made to equalize the cut-off. 

To set a slide valve the engine is placed on the center, and if 
the eccentric be not fixed on the shaft in its proper position it 
should be approximately so placed, making the angular advance 
a trifle larger than that required. By means of the nuts on the 
valve stem the valve is given the proper lead. Turn the engine 
to the other center, and if the lead shown there is not the same 
the difference must be corrected — half by altering the length 
of the valve stem and half by moving the eccentric. With the 
lead thus equalized the eccentric should be keyed fast on the 
shaft and the nuts on the valve stem tightened; the operation 
will then be complete. 

Should the valve be designed for unequal leads the method 
of setting it is exactly the same as just described, the correction 
being so made as to have the leads as desired. 

87. The Link Motion. — With marine engines and locomo- 
tives, whose direction of running must often be reversed, the 
reciprocating motion furnished by the eccentric is communicated 
to the valve through the agency of a link. The link motion 
was originally designed as a means of reversing the motion of 
an engine, but it was aftenvards found to furnish a method of 
materially increasing the range of expansion of the steam in the 
c>'linder. 

The action of a link motion in reversing an engine may be 
understood by referring to Fig. 54, where CR represents the 
crank in some one position. We have already seen that in order 
to have the crank revolve in the direction indicated by the full- 
line arrow the eccentric must be fixed on the shaft at some posi- 
tion CE ahead of the crank. Now in order to have the crank 
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turn in the direction of the dotted arrow, the eccentric would 
have to be shifted on the shaft to the position CE' ahead of 
the crank in the opposite direction. As this is impracticable 

the diflSiculty is overcome by 
having two eccentrics keyed 
to the shaft, one having its 
center at E and the other at 
£'. Each eccentric has its 
rod connected to one end of a 
curved link which, as origi- 
nally designed, is slotted to 
receive a block directly con- 
nected to the valve stem, 
and by a suitable arrange- 
ment of levers the link may 
be shifted so that the move- 
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ment of the valve may be under the influence of either the 
go-ahead or the backing eccentric as desired. 

Figures 55 and 56 are skeleton sketches of a link motiofi in 
which CR is the crank, E and E' the centers of the go-ahead and 
backing eccentrics respectively, and PQ the link, curved with a 
radius equal to the length of the eccentric rod EP, 




Fig. 55. 

When the crank is pointing away from the link and the eccen- 
tric rods are joined to the ends of the link nearest to them, as 
in Fig. ^^, the rods are said to be open, and if, when the crank is 
in the same position, the rods are joined to the link as shown! 
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Fig. 56, the rods are said to be crossed. If, as is frequently the 
case with piston valves, steam is taken at the inside edges, the 
rods as connected in Fig. 55 would be called crossed, and if 
as in Fig. 56 would be called open. 

When the link is shifted so that the valve block B, Fig. 55, is 
brought in line with the rod EP it is in full forward gear and the 
motion of the valve is governed by the eccentric E. If the link 
be shifted so that the block comes in line with the rod E'Q it is 
in full backward gear and the eccentric E' governs the motion 
of the valve. When the block is midway between the two 




Fig. 56. 



extreme positions the link is said to be in mid-gear, and the 
valve is influenced equally by both eccentrics, with the result 
that it does not receive siifficient motion to open the potts and 
the engine remains at rest. 

Should the link be shifted so that the valve block is brought 
to a position intermediate between mid-gear and full forward 
gear, as at G, the movement of the valve is influenced by both 
eccentrics, but to such a large extent by eccentric E that the 
engine will continue to run ahead. The effect, however, of the 
slight influence of the backing eccentric has been to decrease 
the travel of the valve, so that all its operations will be earlier 
than when working in full gear and the cut-off will be, therefore, 
shorter. 

The motion given to the valve block when its position is inter- 
TnmA\tLfm l^twccn mid and full gear is that due to a virtual eccen- 
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trie of less throw than that of the real eccentric. This question 

has been investigated by designers, and it has been foimd that 

for positions of the valve block intermediate between mid and 

full gear, the centers of the virtual eccentrics lie in a parabolic 

curve. The locus of these centers will be represented with 

sufficient accuracy by an arc of a circle passing through the 

centers E and £' of the eccentrics and of a radius equal to the 

product of the eccentric rod and half the distance between 

the centers of the eccentrics, divided by the distance between the 

eccentric-rod pins in the link; that is, the required radius is 

EP V EE' 

equal to zrz: This radius is foimd to be equal to OE, 

2PQ 

Figs. 55 and 56, and the arc EFE' has been drawn concave to 

the center of the shaft for open rods, and convex for crossed 

rods. 

To find the virtual eccentric governing the motion of the 
valve when the block is at G, divide the arc EFE' at F in the 
same ratio that G divides PQ] then CF is the throw and DCF 
the angular advance of the eccentric which is virtually actuat- 
ing the valve. The practical way of determining F is to pro- 
duce PE and QE^ until they intersect at some point R in the 
center line; then RG divides the arc ££' at F in the same ratio 
that G divides PQ. The action of the link in providing a vari- 
able cut-off may now be understood. 

An investigation of the effects of the open and crossed rod 
connections shows that with open rods the lead increases from 
full to mid-gear, and decreases with crossed rods; and that the 
longer the rods are made and the shorter the link the less 
change the lead will undergo. It is the usual practice to make 
the open rod connection for stationary' engines. 

The curvature of the Stephenson link occasions the variation 
in the lead from full to mid-gear, and this variation becomes 
greater as the eccentric rods are shortened. Zeuner has shown 
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analytically in his treatise on valve gears that the length of the 
eccentric rod should be the radius of the arc of the Unk in order 
liiat the lead may be equal. It may be shown too that the 
motion of the valve becomes more nearly harmonic as the eccen- 
tric rods and link are lengthened. Practice, however, has about 
fixed the length of the rods to about twelve times, and the length 
of the link to about four times, the throw of the eccentric, 

The Stephenson link with open rod connection is well adapted 
to locomotive practice. The adjustment should be such that 
when starting the train, with the link thrown in full gear, the 
cut-off should be as long as from three-fourths to seven-eighths 
of the stroke in order that, with a partially open throttle, a 
uniform and moderate pressure be exerted on the piston during 
a greater part of the stroke to overcome the train friction with- 
out causing the driving wheels to slip. This, of course, raises 
the terminal pressure and is the cause of the noisy exhaust of a 
locomotive when starting a train. 

The cranks of a locomotive being set at right angles, the lead 
at the start may be very small, but as the speed of the train 
increases the throttle should be opened gradually, and then the 
cut-off shortened and the lead and compression increased by 
raising the link, or by linking up as it is called. The locomotive, 
being a high-speed engine, requires a considerable amount of 
compression to overcome the inertia of the reciprocating parts. 

The crossed rod connection is commonly used for marine 
engines, for then, with a decreasing lead from full to mid-gear. 
the engine will stop when the link is put at mid-gear, which it 
would not necessarily do with the rods open and the engine 
running with light load. 

The slotted Stephenson link is expensive to make and difficult 
to hang so that the centers of the eccentric rod pins and the 
center of the valve block shall be in line and the block work 
easy in the slot. These difficulties have led to the adoption, for 
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marine purposes, of the double-bar link, consisting of two solid 
bars of rectangular section and of proper curvature. Thf bars 
are secured together by distance pieces at the ends. The valve 
block is between the bars and has flanges which bear upon the 
tops and bottoms of the bars. The eccentric rods make a forked ~' 
end connection to pins projecting from the bars near the ends. 

S8. The Shifting Eccentric and Automatic Cut-o&. — As will 
be seen later on, quick running of an engine is one of the methods 
of decreasing the losses from condensation and reevaporation, 
and it is apparent that the higher the rotational speed consistent 
with safe piston velocity the greater the efficiency of the steam 
action in the cylinder, and since piston velocity is a factor of 
the power, any increase in that direction admits of a decrease 
in the size of an engine for a given power. Notwithstanding 
these advantages, the introduction of a high-speed engine was 
long delayed. The belief was prevalent that as compared with 
one of lower speed it was more liable to frequent and serious 
accidents; and a practical objection to its introduction arose 
from the fact that the limit of rotational speed was soon reached 
at which the drop cut-off could be applied, and it became essen- 
tially necessary to the introduction of the high-speed engine 
that some contrivance be devised by which the steam should 
have a irasitive and variable cut-off, automatically controlled, 
in order that the speed should be constant under conditions of 
variable load and pressure. 

The vast improvement in the character of the materials of 
construction; the more perfect understanding of the stresses 
produced in overcoming the inertia of the reciprocating parts; 
the skill of the workman — all have made possible the pro- 
duction of an engine of such perfect balance and adjustment 
that there is no longer a quesrion of safety even when running 
at the high rotational speed that admits of a direct connection 
to the armature of a dynamo-electric machine. 
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An inherent defect in the fly-ball governor precluded its use 
in the solution of the cut-off problem, so effort was centered 
in devising a mechanism in which the centrifugal action of 
revolving weights opposed by the varying tension of a spring 
should control the action of the valve to meet the exigency of a 
sudden variation in the load on the engine or in the pressure 
of the steam. The result was the production of what is known 
as the shaft governor, now almost exclusively used with engines 
driving dynamo-electric machines in producing electric light and 
power. 

The control of the valve by the shaft governor is either by 
means of a loose eccentric whose angular advance is made to 
vaiy, or by means of a slotted eccentric of variable throw. 
Examples of each type wiJ] be given later on. 




Valve. — In order that the shaft governor shall be 
sensitive there must be the minimum of work thrown on it, and 
th' ■ can only be effected by having the least possible resistance 
offeied to the motion of the valve. This clearly points to the 
use of a balanced valve and the one largely used is a variety 
of the type known as piston valve, shown in section in Fig. 57. 
A piston valve may be conceived to be formed from the ordinary 
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slide valve by curving the latter into cylindrical form. It is ar- 
ranged to take steam at its inside edges, though it could equally 
well be arranged to do so at the outside edges. It will be seen 
that the valve is balanced, as the steam completely surroimds it 

When made for large marine engines the pistons of the valve 
are fitted with springs to keep them steam-tight, and the ports 
are cast with diagonal bars to keep the rings from springing into 
the ports, and in order also to afford a continuous guide to the 
piston so that the rings may pass over the ports without catch- 
ing on the edges. The chief disadvantage of the piston valve 
is the diflSculty in keeping it steam-tight. 

90. Radial Valve Gears. — Efforts have been made from time 
to time to supersede the link motion and eccentrics in actuating 
the valves of steam engines, the most successful of which have 
been the radial valve gears of Marshall and Joy. 

In the Marshall gear the link is dispensed with and but one 
eccentric is used. With the Joy gear the link and both eccen- 
trics are dispensed with, the valve motion being obtained from 
a point in the connecting-rod. 

Radial valve gears when accurately proportioned provide 
for any degree of expansion with a uniform lead, but their 
parts are necessarily heavy and difficult of correct adjustment 
and the most recent marine practice indicates a return to the 
old but reliable link motion and eccentrics. 

PROBLEM 

Throw of eccentric, 2 inches; length of eccentric rods, 24 inches; length 
of chord of link, 15 inches; angular advance of the eccentric, 38°; stroke 
of engine, 14 inches. Make a skeleton sketch of the link motion, and find 
the throw of the virtual eccx^ntric when the link is halfway between full 
and mid-gear, the connection of the rods being open. Scale, 3 indies = i 
foot. Ans. Virtual eccentric throw = ij inches. 
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ROTARY MOTION. ACTION OF CRANK AND CONNECT- 
ING-ROD 

91. Simple Harmonic Motion. — If the point P, Fig. 58, 
moves in the plane of the paper about C as a center it will describe 
the circle RPB, and during the period of describing the arc RP 
the circular motion of P may be con- 
sidered as compounded of two entirely 
independent movements at right angles 
to each other — that of i? to Q in the 
line of the diameter RS and the other 

I 

of Q to P. 

Draw the diameter AB perpendicular 
to RS and let P move with a uniform 
velocity. If we denote CP by r, and Fig. 58. 

the angle PCR by ^, we may find the relation between the 
positions of P and Q as follows: 

RQ^RC-QC = r-rcos0 =-r{i- cos 6). 

To find the position of Q when P has described two-thirds of 
the quadrant RA. Here we have 6 = 60°, and cos ^ = ^, con- 
sequently 

That is, P describes two-thirds of the distance drcumferentially 
from R to A while Q moves one-half the distance RC, and since 
the motion of P is uniform it follows that the last half of RC 
will be passed over by Q in one-half the time it required to pass 

over the first half. It is thus seen that while the motion of P" 

123 
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is uniform that of Q is variable; and if the relative positions of 
P and Q were found for values of B from o® to i8o® it would be 
found that when P is at i? the point Q is at rest, and as P con- 
tinued its uniform motion the velocity of Q would gradually 
increase until the value of 6 reached 90° when the velocity of 
Q would be a maximum and equal to that of P; as P moves 
from A to SjQ would move from C to 5 with diminishing velocity 
until its arrival at S when it would again be at rest. During 
the movements just described Q is said to have a simple harmonic 
motion. 

When a point P moves uniformly in a circle the perp>endicular 
PQ let fall at any instant to a fixed diameter RS intersects the 
diameter at a point Q whose position changes by a simple har- 
monic motion. 

To ascertain the relation existing between the velocities of Q 
and P draw the tangent PT, and from T let fall the perp>endicular 
TD upon RS. Suppose the velocity of P to be such that in a 
given time it moves a distance PT. In the same time Q would 
move to Z), and we shall have 

Velocity olQ QDPEPQ^ . 
Velocity of P PT PT PC ^^ 

The sine of B varies in value from o to i, and we can, therefore, 
find at any period of the motion how much the velocity of Q 
diilers from that of P. 

92. Crank-connecting-rod Action. — It has been shown how 
the valve of a steam engine actuated by an eccentric, or its 
equivalent, admits steam alternately to the two ends of the 
cylinder to drive the piston forward and backward along a 
straight path of definite length called the stroke. This recipro- 
cating motion of the piston is converted into one of continuous 
rotation of the shaft through the agency of the mechanism of 
the connecting-rod and crank. In this mechanism the outer 
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end of the piston rod is connected to a crosshead which is con- 
strained by guides to move in line with the axis of the cylinder. 
To a pin in the crosshead the inner end of the connecting-rod 
is so attached as to permit an osqjllating motion to that end of 
the rod. In a similar manner the outer end of the connecting- 
rod is connected to the crank-pin, and if the piston be driven 
forward or backward the crank will be caused to turn about the 
axis of the shaft by the alternate push and pull transmitted 
from the crosshead through the connecting-rod to the crank-- 
pin. 

In Fig. 59, let r denote the length CP of the crank and c the 
length PQ of the connecting-rod. If from K and 5 we lay off 
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Ra and Sb, each equal to c, then ab will be the stroke of the cross- 
head Q, and for purposes of discussion it is the stroke of the 
piston, the latter being rigidly attached to the crosshead. Let 
CP be a position of the crank, making an angle with the center 
line Rb of the engine. Then Q will be the corresponding posi- 
tion of the piston, and is found by striking an arc from /> as a 
center and with a radius c. With Q as a center and the radius 
c describe the arc Pt. Then IS is evidently equal to QB; and 
since the diameter RS of the crank-pin circle is equal to the 
stroke of the piston, RS may equally well represent the piston 
stroke. Then / conveniently represents the position of the 
piston corresponding to the crank position CP, and it is at once 
evident that the movement of the piston is not the result of a 
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simple harmonic motion. The angularity of the connecting-rod, 
that is, its failure to remain parallel to the axis of the cylinder 
at all times, introduces the inequality tv into the movement of 
the piston and this inequahty gradually increases from its zero 
value at the dead point S until the crank arrives at the position 
CT, go° in advance of CS, when its value wC is a maximum. As 
the crank continues its rotation the inequality gradually dimin- 
ishes until, at the dead point R. it is again zero. 

An examination of Fig. 59 shows that when the crank is at 
the mid-point of its revolution from S to R the piston has traveled 
a distance Cw beyond its mid-stroke; and it is seen that during 
the first quarter of the revolution on the forward stroke from 
^ to a the piston travels a greater distance than during the 
second quarter. 

This inequality can be avoided only by giving to the piston 
:a simple harmonic motion, but as that could be obtained only 
iby making the connecting-rod infinitely long the inequality 
must always exist with the crank-connecting-rod mechanism. 
'The shorter the connecting-rod the greater will be the inequality 
in the movement of the piston, and for this reason, if for no 
other, the crank -connecting- rod ratio is made as small as possible. 
In marine practice, where space limits the length of the coimect- 
ing-rod, the ratio is from 1 to 4 to i to 5, while for stationary 
engines it is not uncommonly as small as i to 7. 

A further examination of Fig. 59 shows that during the return 
stroke of the piston conditions exactly the reverse of those of 
the forward stroke obtain, as shown by the dotted lines. 

It will be obser\'ed that the use of the connecting-rod of 
finite length causes the cut-off to be considerably later on the 
forward stroke than on the return stroke and the reference to 
this question on page 113 can now be understood. 

The inequality in piston displacement for the same crank 
position of the two strokes results in an luiequal distribution of 
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steam in the cylinder, and therefore an irregularity in the driving 
power of the engine. The angularity of the connecting-rod is 
a disturbing element in the consideration of every important 
d>Tiamic question of the steam engine, rendering more or less 
difficult the solution of problems which would be otherwise 
simple. 

With the aid of Fig. 59 we may find an expression for the rela- 
tive positions of the crank and piston at any instant. 

Let a denote the angle made by the connecting-rod with the 
center line of the engine, and denote by x' the distance the 
piston has traveled on the forward stroke when the crank has 
the position CP, 

x' = Cb — {Cv + vQ) = r + c — {r cos ^ + c cos a) 
= r (i — cosB) + c — c cos a. 

We have A = c sin a = r sin ^, whence sin a = > 

c 

, / Psm^ 
and cos a = w i ^ 

Therefore x' = r (i - cos e) + c\i ^ \J 1 -- ^^^^^1 



If X denotes the distance of the piston from the crank end 
of the stroke for the same crank position, we shall have 

x" ^ab-Qb = 2r -x' 

.,,.|,(,.eos^)+c[i-v/i-^]j 

r / r^ sin^ ^ 1 
= 2 r — r + r cos B — c\i -- y 1 ^ — 

= r (i + cos ^) - £: 1 1 - y/ 1 ^ — J. 

In general terms we shall then have 

« = r(iTcosfl)±c[i-y/7rr!^], (i) 
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where the top sign must be taken if x is measured from the head 
end of the stroke, and the lower sign if measured from the 
crank end. 

The position of the piston for any given crank position, or 
conversely the crank angle for a given position of the piston, can 
be found by equation (i). 

The ratio - will become very small if raised to a power above 

r r^ sin^ d}i 
the square, so if the expression i — be expanded by 

the binomial theorem, and the terms containing higher powers 
of c than the square be rejected no appreciable error will result 
and the formula will be more convenient for use. 
Thus 

:r = r (i =F cos ^) ± c j I - i — > 

= r(i:Fcos^)±.ji-[i-— ,-J5 



*> _!— •> 



= r(i T cos^) ± (2) 

2C 

Example. — Let c = 40 inches, r = 10 inches, ^ = 210°. 
Find the position of the piston, measured from either end of 
the stroke. 

o 

Solution. — Here we have — = ^, cos 210° =— cos xo° = 

— 0.866, and sin 210° = — sin 30° = — ^. 
Substituting in (2) we have 

. :*;' = 10 (i + 0.866) + {\ = 18.66 + 0.3125 = 18.9725 inches, 
when measured from the head end of the stroke; and 

a:" = 10 (i — 0.866) — iQ = 1.34 — 0.3125 = 1.0275 inches, 

when measured from the crank end of the stroke. 

Equation (2) is of use in investigating the effect of the obUquity 
of the connecting-rod on the motion of the piston. For practical 
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purposes the relative positions of the crank and piston may be 
obtained graphically. 

It was shown on page 123 that r (i — cos 6) would be the 
value of X if the movement of the piston were the result of a 
simple harmonic motion, but as that could be obtained only 

with a connecting-rod of infinite length the term in 

2C 

equation (2) is the measure of the error in piston displacement 
due to the angularity of the connecting-rod of finite length. 

93. Forces in Crank-connecting-rod Motion. — Let CF, 
Fig. 60, denote the crank position on the forward stroke when 
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the connecting-rod GF makes an angle d with the axial line of 
the cylinder, the crank making an angle a with the same line. 

The total pressure P on the piston is opposed by the resistance 
of the crank to being pushed about the center C of the shaft, 
producing a compressive force Q in the connecting-rod. The 
resultant of the forces P and Q at the point G is the pressure, 
Q sin ^, on the guide, which is balanced by the reaction R. At 




the corresponding crank position on the return stroke, Fig. 61, 
the force in the connecting-rod has changed from compression 
to tension, caused by the resistance of the crank to being pulled 
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about the center C The pressure on the guide is always Q sin d, 
and for the three forces P, Q, and R acting at the joint G, we 
have fof each stroke the static equations 

P=Qcos0 and iJ=Qsm^, 
whence 

The direction of rotation in Figs. 60 and 61 is that for the 
ahead motion of an engine, but should the direction of rotation 
be reversed, as is frequently the case with marine engines and 




locomotives, the residtant of the forces P and Q, Fig. 62, will 
not press down on the guide, but will act in the opposite direc- 
tion, necessitating an upper guide. 

g4. Twisting Moment. — In the operation of converting the 
reciprocating motion of the piston of a steam engine into one 
of continuous rotation of the shaft, through the medium of the 
connecting-rod and crank, the force that either pushes or pulls 
the crank about the axis of the shaft is applied to the crank-pin 
and results in an effort to twist the shaft while it is being held 
in a horizontal position in its bearings. The measure of this 
effort is the product of the force and the perpendicular distance 
of its line of action from the center of the shaft, and is known 
as the twisting moment. 

U from the indicator diagram of an engine we ascertain the 
effective pressure p in pounds per square inch acting on the 
piston at any point of the stroke and multiply it by the area A 
of the piston in square inches, the product pA will be the total 
pressure P acting on the piston at the point. Produce the 
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line of action of the force Q, Fig. 60, to its intersection E vrith 
the vertical through C. Draw CD perpendicular to CE. Then 
the twisting moment is Q X CD. Resolving Q horizontally and 

p 
verHcally we have O cos 6 = P, whence = . In the right 

triangle DCE we have CD = CE cos 9. Hence 



Twisting moment =QX CD = 



-XCEcose =PX CE. 



That is, for any angle of the crank, the twisting moment is 
equal to the total pressure on the piston multiplied by the 
length of that part of the perpendicular to the center line of the 
engine through C intercepted by the center line of the connect- 
ing-rod, measured in inches to the same scale that CF represents 
the length of the crank. Assuming the pressure on the piston 
to be constant, it is evident that the twisting moment will 
vary with every position of the crank as the length of CE varies, 
increasing from zero at the dead center A, Fig. 60, when the 
piston b at the end of its stroke and the crank and connecting- 
rod in line with the axis of the cylinder, to the ma.'dmum on the 
forward stroke when the connecting-rod and crank are at right 
angles and before half stroke is completed, then gradually de- 
creasing until the dead point B is reached when it again becomes 
zero. On the return stroke the twisting moment increases from 
zero at B to the maximum beyond half stroke where the con- 
necting-rod again becomes tangent to the crank circle, and then 
gradually decreases to zero at .4. 

The irregularity in the twisting moment, or turning moment, 
becomes more pronounced under the conditions of actual prac- 
tice where the pressure on the piston is constantly changing, 
the moment becoming rapidly less after expansion begins. The 
effect of this irregularity in the twisting moment occasions inter- 
I mittent stresses m the shaft that are unduly large in comparison 
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with the power transmitted, which is proportional only to the 
mean twisting moment. The earlier the cut-oflf and the shorter 
the connecting-rod relative to the crank, the greater the irregu- 
larity in the twisting moment and in the smoothness in the 
running of the engine. The unevenness in twisting moment 
furnishes the reason for the use of flywheels with simple engines, 
the energy stored in the wheel when the twisting moment is 
greater than the mean being given back when the moment falls 
below the mean and thus carry the engine over the dead centers. 
In all stage-expansion engines, where the several cranks are set 
on the shaft at various angles with each other, the irregularities 
in twisting moment are greatly reduced and a greater evenness 
in the running of the engine secured. 

95. Inertia of the Reciprocating Parts. — In what has pre- 
ceded concerning the crank-connecting-rod forces the effect of 
overcoming the inertia of the reciprocating parts in modifying 
the effective pressure transmitted to the crank-pin has been 
neglected. 

During each stroke of an engine its reciprocating parts, con- 
sisting of the piston, piston rod, crosshead, and one-half the 
connecting-rod (only one-half the weight of the connecting-rod is 
assiuned to have a reciprocating, or back-and-forth, movement), 
are moved from a state of rest at the commencement, attain 
their maximum velocity near mid-stroke, and are then gradually 
brought again to a state of rest at the completion of the stroke. 
The force required to overcome the inertia of the reciprocating 
parts and accelerate them during the early part of the stroke is 
obtained at the expense of the steam pressure on the piston, 
and during the latter part the retarding force required to bring 
them gradually to rest occasions a virtual addition to the steam 
pressure. In order to obtain from the indicator diagram the 
effective pressure on the ]Mston at any point of the stroke this 
alternately accelerating and retarding force must be expressed 
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in pounds per square inch of piston area and then subtracted 
from or added to the diagram pressure at the point, as the case 
may be. 

Suppose, for the purposes of this problem, the weight of the 
reciprocating parts to be concentrated at the crank-pin and 
revolving with it. It may be shown that when a moving body 
describes a circle of radius r, with a uniform velocity v, the body 
is acted on by a radial force toward the center, the acceleration 



of which is — . Then, since the measurement of force is the 

r 

product of mass and acceleration, we shall have for the centripetal 
force of the problem 

r gr 

in which W is the weight of the reciprocating parts in poimds, v 
the velocity of the crank-pin in feet per second, r the length of 
the crank in feet, and g the accelerating force of 32.2 feet per 
second due to gravity. 

Let F, Fig. 63, denote the centripetal force for any position of 
the crank making an angle a with the center line of the cylinder. 
The horizontal component 
F cos a produces the acceleration 
of the reciprocating parts in a 
horizontal direction, the vertical 
component F sin a producing 
only pressure on the bearings. 

Neglecting for the moment 
the angularity of the connecting- 
rod, or assuming it to be infin- 
itely long, at the conunencement 
of the stroke, when a = o and cos a = i, the accelerating force 

F cos a = cos a becomes , showing that the whole of the 




Fig. 63. 



gr 



gr 
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centripetal force is then acting horizontally and the acceleration 
then a maxunum. At mid-stroke, where a = 90° and cos a = o, 
the accelerating force becomes zero, showing that there is no 
acceleration and the velocity of the reciprocating parts therefore 
a maximum. Beyond the 90° crank position the cosine becomes 
negative, showing the retarding action of the force in gradually 
bringing the reciprocating parts to rest at the end of the stroke, 

where a = 180° and F cos a = * 

gr 

The action of the force throughout the stroke, the connecting- 
rod being assumed infinitely long, is illustrated in Fig. 64, 00' 
representing the stroke of the piston. 

Expressing the accelerating force in pounds per square inch 
of piston area, we shall have at the commencement of the forward 
stroke 

t = — — , 

Agr 

and at the end 



F =- 



Agr 



in which A is the area of the piston in square inches. From 0, 
the beginning of the stroke, set off OC perpendicular to 00' 

and equal in length to — — expressed in pounds to the same scale 

;i$ that of the indicator diagram. From O' set off O'D perpen- 

viicular to 00' and equal in length to — — — . The line joining 

v.* *nd D will of course pass through the middle point E of the 
<rv^c. The ordinates of the triangle OCE show the gradual 
vkvtva^ic in the accelerating force from its maximum OC at the 
vAHfcuiK^tKvmont to its zero value at mid-stroke E. The area of 
llK^ uuni^lo OCE represents the work done by the steam on the 
IHSlon in uvvclcrating the reciprocating parts from commence- 
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nt to mid-stroke, and the ordinates of this triangle measure 
the pressures in pounds to be deducted from the corresponding 
ordinates of the indicator diagram to get the effective pressures 
on the piston that are transmitted to the crank-pin. The area 
of the triangle OCE also represents the kinetic energy stored 
in the reciprocating parts due to the work done by the piston 
in accelerating them from zero velocity at commencement to 




Fig, 64. 

maximum velocity at mid-stroke, During the second half of 
the stroke the reciprocating parts give up their stored energy 
in the performance of work on the crank-pin in retarding their 
own velocity from the maximum at mid-stroke to zero at the 
end of the stroke, the triangle O'DE representing this work. 
The ordinates of the triangle O'DE represent the pressures that 
are to be added to the corresponding ordinates of the indicator 
diagram to get the effective pressures on the piston that are 
transmitted to the crank-pin during the second half of the 
stroke. 

It is thus seen that the solution of the problem of the inertia 
of the reciprocating parts would be easy of solution were it 
possible to use connecting-rods of infinite length; but since rods 
of finite length alone are possible, the disturbing element of their 
obliquity enters the problem and renders its exact solution 
difficult. 

96. The Effect of the Finite Rod. — With a connecting-rod of 
finite length the line of inertia is no longer the straight line CD 
of Fig. 64, because of the fact that the maximum velocity of the 
piston and the zero of acceleration do not occur at mid-st 




of the^^H 
stro^^^^l 



136 



STEAM ENGINEERING 



as may be seen by the construction of a crank-pin-piston velocity 
diagram. 

Let CF, Fig. 65, be the position of the crank when the connect- 
ing-rod GF makes an angle B with the center line of the cylinder. 
Produce the center line of the connecting-rod to its intersection 
E with the vertical through the center of the crank-pin circle. 

V 




Fig. 65. 



The direction of the velocity of the crank-pin F at any point 
of its path is the tangent to the crank-pin circle at the point. 
The crosshead G may equally well represent the piston, so if 
we denote the velocity of the crank-pin by F, and that of the 
piston by v, we shall have the resolved velocities of F and G, or 
of the crank-pin and piston, along the connecting-rod GF equal, 
since GF is a rigid rod of constant length. Hence 

V sm4> = V cos B, 
That is, 

Velocity of piston v sin ' sin <t> CE 

Velocity of crank-pin V cos B sin GEC CF 

Now if to any scale we let CF denote the assumed constant 
velocity of the crank-pin, then CE, to the same scale, will denote 
the velocity of the piston. From this the curve of piston veloc- 
ities may be constructed, as follows: 

Let CF and FG, Fig. 66, be the positions, respectively, of the 
crank and connecting-rod corresponding to the piston position 
G. Produce GF to its intersection E with the vertical throu^ 
C. With C as a center and CE as a radius describe the arc JBe, 
intersecting CF d^t e\ then e is a point of the curve. The locus 
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of e is the polar curve of piston velocities, the radius vector ia 
line of the crank r^resenting the piston velocity for that crank 
position to the same scale that the length of the crank represents 
the velocity of the crank-pin If the connecting-rod were of 
infinite length, the locus of e would be two circles described on 
the vertical positions of the crank as diameters. 




Fic. 66, 

■ The velodties of the crank-pin and piston are seen from the 
diagram to be equal when the crank is in its vertical positions, 
and again at crank positions O and Cl' where the connecting- 
rod produced passes through s and s'. Between the points s 
and / and s' and /' the velocity of the piston Is greater than that 
of the crank-pin, and at all other points it is less. Within the 
limits of the crank-connecting-rod ratios of actual practice the 
piston has its maximum velocity when the crank and connecting- 
rod are about at right angles, or when the connecting-rod is 
tangent to the crank circle. 

The position of the piston when at its maximum velocity may 
readily be found by construction, thus locating the zero points 
of acceleration in the inertia curve, as follows: 

On the center line of the cylinder take AB, Fig. 67, equal in 
length to the stroke to some convenient scale. Taking the con- 
oectiiig-rod as 4 cranks in length, we shall have AO as the 
kngthcl.the connecting-rod and 00' = AB as the path of the 
'■ * ■■' * ■*■ *' ■*■' "* •*- pistf»i. Take CD at right angles to AB as 
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the 90° position of the crank on the forward stroke. From D 
draw DH perpendicuiar to CD and equal in length to the connect- 
ing-rod AO; DH will then be tangent to the crank circle at D. 
Assuming CD and DH to be rigidly connected at D, revolve the 
right angle CDII about C as a center until the point H falls into 
the path of the piston at G. The point D will then be found at 




Fig. 67. 

F and GF will be the position of the connecting-rod when at 
right angles to the crank; therefore GE will measure the distance 
from mid-stroke when the piston on its forward stroke has its 
maximum velocity, and G will be the zero point of acceleration. 
connecti ng-rod 
crank 
crank by r, then HD = GF = nr, and we shall have 

GE = GC-EC= Vn^r^ + r' ~ nr, 
which locates the point G, the point E being at mid-stroke. 

With a connecting-rod infinitely long the magnitude of the 
forces accelerating the reciprocating parts at the ends of the 
HV 
Agr 

of piston area. With a connecting-rod of finite length the acceler- 
ating forces are affected by thecentrifugal action of the connecting- 
rod in its tendency to revolve about its crosshead end as a center, 
in addition to its movement of translation. The acceleration 



If we denote the ratio - 



stroke have been found to be : 



- by « and the length of the 



1 pounds per square inch 



of tills centrifugal force is — , and its magnitude i; 




Agnr 



1 pounds 
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per square inch of piston area. At the near dead center this 
force acts towards the center of the shaft and with the centripetal 
force of the reciprocating weights, and at the far dead center it 
acts away from the shaft center and against the centripetal 
force. The effective accelerating force at the near dead center 
with the finite rod is then 



F = ^ + 



Agr Agnr 
and for the far dead center we shall have 



7^(- + -) 

Agr \ nl 



Aer \ nl 



Ag 

in pK>unds per square inch of piston area. If iV denotes the 
revolutions of the engine per minute, a convenient expression 
for F is 

Agr \ n/ Ar X 32.2 X 60 X 60 \ »/ 

^ 0.00034 WrN^ / i^\ 
A \ nl 

Having now the magnitude of the force accelerating the 
reciprocating parts at the dead centers and the point of zero 
acceleration, the inertia curve may be drawn with sufficient 
accuracy for practical purjposes. 

Thus, in Fig. 64, we have GE = V» V + r^ — nr, which fixes 

the point G. Then, to the same scale of poimds as that of the 

Wv- 1 i\ 
indicator diagram, make Oh equal in length to - — f i + -1» 

Wv^ I i\ 
and make O'V equal in length to — — ( i 1, thus establishing 

the points h and V , Through the three points thus found draw 
the flat curve hGb' as the curve of inertia. The ordinates of the 
area OhG are to be subtracted from, and those of the area 0%'G 
are to be added to, the corresponding ordinates of the indicator 
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diagram to get the effective pressures transmitted to the crank- 
pin for the forward stroke. For the return stroke the ordinates 
of the area O'VG are to be subtracted from, and those of area 
OhG be added to, the corresponding ordinates of the indicator 
diagram. 

The indicator diagrams of Fig. 68 are from an engine whose 
cylinder diameter is 9 inches; stroke, 10 inches; revolutions per 
™iii^te, 350; weight of reciprocating parts, no pounds; ratio of 
crank to connecting-rod, 1:3; and scale of indicator spring, ^^. 

The effective pressures on the piston shown by the indicator, 
that is, the difference in the pressures on opposite sides of the 
piston, must be determined before correcting the diagrams for 
the inertia of the reciprocating parts. This can be done only 
by getting diagrams from the two ends of the cylinder as in 
Fig. 68. During the forward stroke, ahc is the line indicating 
the pressure forcing the piston ahead against the simultaneous 
back pressure on the opposite side of the piston indicated by the 
line Jr/, so that the ordinate included between these two lines 
at any point of the forward stroke is the effective pressure on 
the piston at the point; in like manner the ordinate included 
between ghi and jkl is the effective pressure during the return 

stTv^ke. 

Take the length of the diagram to represent the stroke of 
vo inches and divide it into ten equal parts, erecting ordinates 
:suktw;&y Ix^twoen the divisions. The dotted lines of Fig. 69 
*^m: detemiined by taking the lengths of the ordinates included 
xc«w^» the forward-pressure line of each stroke and the back- 
H^rsiyjx Une of the opposite stroke. It will be noticed that 
\-x i >iVrt distance toward the end of each stroke the pressure 
^ ^^vjiCNV. The dotted lines of effective indicated pressures 
v«» "i^ vvrrected for inertia of the reciprocating parts in 
V x\ tisf teal pressures that are transmitted through the 
ixWiS^^ ^: the crank-pin. 




Fig. 69. 



^A.^ 
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We first determine the point of zero acceleration, or the point 
of the stroke where the velocity of the piston is a maximum, by 
substitution in 

GE = V^i^V+T^ - w = V(3)2x(5)2 + (5)2 - 3 X 5 = o .8 1 inch . 

That is, the zero acceleration of the reciprocating parts occiu^ 
when the piston on its forward stroke is o.8i inch from, and 
before, mid-stroke, which fixes the point G of the inertia curve. 

For the accelerating force at the beginning and end of the 
stroke, we have 



p ^ 0.00034 WrN^ / i\ 
A \ n) 



^ 0.00034 X no X 5 X 350 X 350 / ^ I) ^ ^^d 20 
81 X 0.7854 X 12 v 3/ 

IX)\mds per square inch of piston area. 

To the scale of the indicator spring, -^^ inch to the poimd, set 
off Ob and 0'6' equal in length respectively to |^ and |^ inch. 
Then 6G6' is the inertia curve. Deducting the lengths of the 
ordinates of the triangular figure ObG from, and adding those of 
the triangular figure O^b'G to, the ordinates of the dotted line 
of effective pressures, we get the full-line curve ghiO' of the true 
effective pressures transmitted to the crank-pin. Where the 
pressure falls below 00' it is negative, which occurs at the end 
of the stroke, showing insufficient pressure either to accelerate 
the reciprocating parts or to carry the engine over the dead 
center, the stored energ}' in the flywheel supplying the defi- 
ciency. The full-line curve of the true effective pressures for 
the return stroke is shown in the lower half of Fig. 69. 

We have now sufficient data to construct a curve of twisting 
moments or of tangential efforts on the crank-pin, which is the 
driving force of the engine. 

On a diameter AB, Fig. 70. of the same length as the indicator 
<liagram, describe a semicircle to represent the half of the crank 
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&e for the forward stroke of the piston. By projections we 
get on AB the piston positions corresponding to the ordinates 
of the indicator diagrams of Fig. 58, and then, with a radius equal 
to the length of the connecting-rod, obtain the respective crank 
positiorLi. From the upper part of Fig. 69 the effective pres- 
sures transmitted to the crank-pin are obtained, and these pres- 
sures, multiplied by the area of the piston in square inches, give 
the total effective pressures, P, on the piston for each crank 
position. Then, P X CE. Fig. 60, gives the twisting moment. 
The twisting moments have been calculated for the engine of 
the example and plotted outside the crank circle on the pro- 
longations of the respective radial crank positions. Fig. 70, to 
the scale of i inch = 10 tons-inches. This twisting-moment 
diagram illustrates the lack of uniformity in the turning force 
of the engine during the stroke, there being absolutely no force 
to turn the engine either at the beginning or at the end of the 
stroke. In single-cylinder engines the stored energy in the 
fl>"wheel is relied upon to carry the.engine over the dead centers, 
and such engines are very largely used in those industries where 
they are required to run in one direction only. 

In locomotive and marine practice where there is much start- 
ing, stopping, and reversing, the two-cylinder t>-pe of engine 
with cranks at right angles on the shaft is used, for the reason 
that if the engine stops with one crank on the center, the other 
crank is at its best position for starring, and, with the engine 
running, when one crank passes a dead center with no turning I 

moment the other crank is operating at about its maximum 
turning moment. This arrangement obviates the necessity of 
a flywheel. The employment in marine practice of the stage- 

' expansion engine with two or more cylinders greatly facilitates 
starting, stopping, and reversing, and produces a greater uni- 
formity in twisting moment, which would be shown by plotting 

I a polar curve similar to that of Fig. 70. In constructing such ^ 
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a curve the indicator diagram pressures must be reduced to a 
common scale, or expressed in equivalent pressures on one or 
the other of the pistons, and the curve for each cylinder must 
commence on the crank circle at the angular position corre- 
sponding to the angular position of its crank on the shaft. The 
sum of the vectors of these curves at any radial crank position 
will be the total turning effort at that position. 

In engines of the vertical type accoimt must be taken of the 
dead weight of the reciprocating parts which acts with the steam 
pressure on the] down stroke and against it on the upstroke. 
This will cause a modification of the inertia curve, which may 
be made conveniently by first constructing the curve as if for 
a horizontal engine and then shifting its base line for each stroke 
to compensate for the influence of the dead weight of the recip- 




rocating parts. Suppose bGb\ Fig. 71, to be the inertia curve 
found for the engine under the suppK>sition that it is of the hori- 
zontal type. Let w denote the weight of the reciprocating parts 
expressed in pounds per square inch of piston area. At the 
beginning of the down stroke the action of w is with the steam 
pressure so that the accelerating force required is diminished 
by the extent of w pounds, and at the end of the stroke the 
energy expended in retarding the reciprocating parts is increased 
by the amoimt of w pounds. To the same scale that Ob repre- 
sents the accelerating force of the horizontal engine at the 
beginning of the forward (down) stroke set off Oa equal to w 
poimds. Draw aa' parallel to 00\ Then the ordinates of the 
triangular figure abG' represents the pressures that are to be 



ROTARY MOTION 14S 

deducted from the net pressures of the indicator diagram, and 
the ordinates of the triangular figure a'VG represent the pres- 
sures to be added to the net indicator diagram pressures. For 
the upstroke the conditions are exactly reversed. 

An inspection of the inertia curve of Fig. 64 shows the impor- 
tant eflfect the action of the reciprocating parts has on the run- 
ning of the engine. In single-cylinder expansion engines of 
high rotational speed the action of the reciprocating parts is 
conducive to smooth running, from the fact that the force re- 
quired to accelerate the parts relieves the crank-pin of the 
otherwise high pressure to which it would be subjected at the 
beginning of the stroke; and at the end of the stroke, where the 
steam pressure has become low from expansion, the energy 
restored by the reciprocating parts supplies pressure on the 
crank-pin, the net eflfect of the action being to promote the 
equalization of pressure throughout the stroke. If the speed 
of rotation becomes excessive the required accelerating force at 
the beginning of the stroke may be too great for the steam 
pressure to supply, in which case the crank will actually pull 
the piston until the steam pressure begins to act, at which 
instant the force in the connecting-rod changes from tension to 
compression with a resulting injurious knock in the brasses. 
In instances of this kind one of three remedies, or a combination 
of the three, must be applied, viz., decrease the revolutions of 
the engine, increase the initial pressure, or decrease the weight 
of the reciprocating parts. 

PROBLEMS 

1. Length of connecting-rod, 66 inches; stroke, 33 inches. Find the 
position of the piston, measured from both ends of the stroke, when the 
crank has passed through an angle of 135° on the forward stroke. 

Ans. xf = 29.1984". x" = 3.8016". 

2. Diameter of cylinder, 12 inches; length of connecting-rod, 28 inches; 
stroke, 14 inches. Find the pressure on the guides and the compressive 
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force in the connecting-rod when the crank is at the iio^ position of the 
forward stroke, the effective pressure on the piston at that point being 
26 pounds per square inch. Ans, 940 pounds; 41 15 pounds. 

3. Find the twisting moment in the shaft of the engine of problem 2. 

Ans, 24,000 pounds-inches. 

4. Find by calculation the effect of inertia at the ends of the stroke, 
expressed in pounds per square inch of piston area, of the engine of problem 
2 when making 250 revolutions per minute, the weight of the reciprocating 
parts being 260 pounds. Find also the distance from the commencement 
of the stroke where the piston is at its maximimi velocity. 

Ans, 26.17 pounds, 15.7 pounds, 6.14 inches. 



CHAPTER VII 

THE RECIPROCATING STEAM ENGINE. TYPES 
AND DETAILS 

97, Action of the Reciprocating Steam Engine. — A perspec- 
tive view of a reciprocating steam engine is ahown in Fig. 72. 
The cover of the valve or steam chest is removed in part, and 
the valve chest, valve, and cylinder are shown in section. The 
valve, the section of which is shown in solid black, is of the 
ordinary D-slide type. The piston, which is at about one-third 
its stroke in the cylinder, is moving from left to right under the 
action of the pressure of the steam entering the cylinder from 
the steam chest through the port S, the motion of the eccentric 
on the shaft having moved the valve so as to uncover the port S. 
The steam in the right end of the cylinder, which was used on 
the preceding stroke of the piston from right to left, is escaping 
through the port S' into the exhaust port E, and thence to the 
atmosphere in the case of a non-condensing engine or to the 
condenser In the case of the condensing type of engine. The 
motion of the piston through the piston rod is communicated 
to the crosshead, and thence through the connecting-rod to the 
crank-pin, the reciprocating, or back-and-forth, motion of the 
piston thus causing the crank to turn about the axis ofthe shaft 
and give to the shaft a motion of continuous rotation, as ex- 
plained in Chapter VI, In this simple type of engine the crank 
is usually mounted in a disk having a counterbalancing weight 
diametrically opposite the crank to give evenness to the rota- 
tion. The illustration shows how the eccentric, revolving with 
the shaft, gives a sliding motion back and forth to the valve 
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through the agency of the eccentric rod and valve stem, as 
explained in Chapter VI. 

98. The Operation of the Link Motion. — The engine illus- 
trated in Fig. 72 is designed to run in but one direction. Should 
it be desired to reverse its motion a second eccentric, as explained 
in Chapter V, would have to be employed and the reversal 
made through the mediimi of the link motion. 

The action of the link motion as ordinarily applied to a loco- 
motive, whose motion has frequently to be reversed, is shown in 
Fig. 73. The link is shown in its lowest position, that for going 
ahead, and the motion of the link block, and therefore that of 
the valve, is influenced by the ahead eccentric. The valve does 
not get its motion direct from the link block, as indicated in 
Fig. 72, page 148, but indirectly through the intervention of a 
rocker shaft and its arms. For this reason the eccentric, instead 
of being 90° plus the angular advance ahead of the crank, is set 
on the shaft at an angle of 90*^ minus the angle of advance behind 
the crank. It is seen in Fig. 73 that the valve is open to the 
extent of the lead and that the piston is about to commence its 
stroke to the left, the shaft revolving in the direction shown by 
the arrow. If, by means of the reversing lever and rod, the 
link were raised to its highest position so that the motion of the 
iink block be influenced by the backing eccentric, the revolu- 
tion of the shaft would be in the opposite direction and the motion 
of the engine therefore reversed. An inspection of Fig. 73 shows 
clearly that, with the link raised and the backing eccentric 
influencing the motion of the link block, the direction of rota- 
tion of the shaft must be contrary to that indicated by the 
arrow in order that the valve may move from right to left and 
admit steam to the cylinder. If the rotation were in the direc- 
tion indicated by the arrow the influence of the backing eccentric 
would move the valve from left to right and no steam could 
enter the cylinder. 




P1l--jft-- 



THE RECIPROCATING STEAM ENGINE 



151 



99. Governing the Steam Engine. — A ver>- important feature 
of the operation of the steam engine is that of governing its 
speed of rotation. The llyball governor as originally intro- 
duced by Watt, and still extensively used in an improved form, 
is not capable of close regulation at high speeds and is being 
displaced by the more reliable type of shaft governor referred 
to in Art. 88, page 120. 

The action of the flyball 
governor is shown in Fig. 74. 
The object of the governor is 
to maintain as nearly as pos- 
sible a constant speed of rota- , 
tion of the engine regardless of 
changes of load or in steam 
pressure. Two iron balls A , A 
have their arms pivoted at the 
upper end of a vertical spindle 
B. The anns of the balls are 
connected by arms C, C to a 
sleeve D which is free to slide 
on the spindle B. The whole 
is supported and guided by ^'''- ^*- 

the column E. At the lower end of the spindle is a bevel 
gear which engages with a similar gear on the horizontal shaft F, 
The shaft F carries a pulley G which is belted to another pulley 
on the engine shaft, the ratio of the pulle>'s being such as to give 
to the balls a speed of revolution proportional to that of the 
shaft. Through this means the spindle is made to turn when 
the engine is in operation, the balls revolving about it as an 
axis. The bell crank K has one arm attached to the sleeve D, 
its other arm operating a balanced throttle valve situated in the 
steam pipe between the stop valve and valve chest. With the 
engine at rest the governor balls are at their lowest poation 
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and the throttle valve wide open. By openmg the stop valve 
steam is admitted to the cylinder and the engine starts, the 
balls of the governor flying out imder the action of centrifxigal 
force imtil the height of the cone of revolution to which the 
governor is adjusted is reached. This action of the balls has 
raised the sleeve D and, through the bell crank, has closed the 
throttle valve to a degree which admits to the cylinder only 
sufficient steam to operate the engine at the desired speed. vAny 
decrease in the load on the engine or increase in the steam 
pressure will cause the balls to fly out a greater distance and ' 
raise the sleeve Z?, resulting in a further closing of the throttle, 
which stops the racing of the. engine and restores as nearly as 
possible the normal speed. An increase in the load or a decrease 
in the pressure results in an action exactly the reverse. In 
certain types of the flyball governor there is a spring attach- 
ment by which the governor may be adjusted to act at any 
desired speed. 

It will be observed that the action of the flyball governor as 
just described, controls the speed by means of throttling the 
supply of steam to the cylinder of the engine, the point of cut-off 
and ratio of expansion remaining constant. The effect of 
throttling is to wire-draw the steam and decrease the initial 
pressure, both processes being conducive to inefficiency. In 
some instances, notably in the case of the Corliss valve gear, 
the flyball governor performs its office of speed regulation by 
changing the point of cut-off and of the degree of expansion of 
the steam. 

100. Stage-expansion Engines. — The reciprocating engine . 
thus far described is known as a simple expansive engine, having 
but one cylinder, and making use of the expansive force of the 
steam by cutting off its admission to the cylinder before the 
piston completes its stroke. In Chapter XI it is shown that 
in order to utilize the expansive force of steam of the high 
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pressures that have come into vogue it is necessary to compound 
the cylinders; that is, distribute the expansion between two, 
three or four cylinders, thus producing the double-expansion, 
the triple-expansion, and the quadruple-expansion engines. In 
these stage-expansion engines the steam at boiler pressure is 
admitted to the first cylinder and after a partial expansion, and 
consequent reduction in pressure, it is admitted into the next 
and succeeding cylinders for further expansion in the perform- 
ance of work, until, in the last cylinder, the expansion is com- 
pleted and the steam exhausted into a condenser or into the 
atmosphere. In order that the work, shall be evenly divided 
between the cylinders, each cylinder in the expansion is made 
larger in section area than the one that immediately precedes 
it in the same proportion as the steam pressure is reduced. 
The first cylinder uf the system is called the high-pressure cylinder 
and the last the low-pressure cylinder, the cylinders intervening 
being called inlermediale cylinders. 

101. The Buckeye Shaft Governor. — The action of the shaft 
governor in securing speed regulation by automatic cut-off of the 
steam supply to the cylinder has already been referred to. 

TTie Buckeye shaft governor, Fig. 75. gives a remarkably dose 
speed regulation to the well-known engine of that name. The 
mechanism of the governor is mounted within a pulley keyed to 
the crank shaft of the engine, so that its rotation is the same as 
that of the shaft. The action of the governor depends upon 
the change in the centrifugal force of revolving weights, by which 
the eccentric is made to operate an independent valve so as to 
vary the point of cut-off and thus regulate the speed of the 
engine by changing the ratio of expansion, but maintaining the 
initial steam pressure. 

Tlie levers a. a, one on each side of the shaft, carry the weights 
A, A. whose positions on the levers are adjustable. The outer 
ends of the levers are pivoted at b, b and their inner ends are 
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linked to the eccentric C by the links B, B, the eccentric riding | 
loose on the shaft. With the weights resting on their stopsf.f, f 
the eccentric is in the position for the longest cut-oS, about | 
five-eighths stroke; and when the weights are at the outer Ml 
of their movement the eariiest cut-off takes place, at about one 
inch from commencement of stroke, the eccentric mo^■ing on 
the shaft through an angle of about 90° for the two extreme 
positions of the weights. The main springs F. F are anchored 




lo the rim of the wheel, their inner ends being secured to the 
levers a, a by means of the adjustable chps d, d. The tensions 
of the springs may be varied by means of the tension screws c, c. 
The auxiliary springs P, F are introduced to aid the centrifugal 
force during the early part of the outward movement of the 
weights, or until the tension of the main springs is sufEcient to 
give close regulation for light and varying loads. 

The position of the weights and the tensions of the s])rings 
being adjusted for a given load and speed, the regulating action 
of the governor is as follows: 
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Opening the steam stop valve, the engine starts and centrifugal 

Iwce quickly moves the- weights outward to their adjusted posi- 

lioD (or the load, the combined action of the links B. B fixing 

the angular advance of the eccentric to effect the cut-off at the 

proper point to maintain the desired speed. Any increase of the 

load or decrease of the pressure would momentarily decrease 

the speed, but it would also decrease the centrifugal force of 

tht weights, which would cause them to fall toward the center, 

thus decreasing the angular advance of the eccentric so as to 

effect a later cut-off and restore the speed without affecting the 

admission or compression, both of which events are controlled 

^y a separate eccentric operating the main valve. For a decrease 

"1 load or an increase in pressure the action would be reversed 

**ld an earlier cut-off olTected. 

102. The Fleming-Harrisburg Governor. — The shaft govcr- 
l^or of the well-known Fleming-Harrisburg engine depends for 
Its action on a combination of centrifugal and inertia forces. 
It is shown in Fig. 76. Its mechanism is mounted within a 
pulley keyed on the crank shaft, but its slotted eccentric, instead 
of being keyed to the shaft, is suspended from a point a in the 
pulley, so that, as it swings on its point of suspension as a pivot, 
its center moves across the shaft, thus altering the throw of the 
eccentric and varying the travel of the valve. Two arms A, A 
of equal weight are pivoted at b, b, their pivoted points and 
centers of gravity g, g being diametrically opposite. Each of 
these arms is connected by a link d with the eccentric, the links 
pivoting on studs on the arms and on the eccentric. The arms 
have weight pockets at their ends, the pocket nearest the center 
of gravity being the larger. In adjusting the governor to a 
desired speed of the engine, small weights are placed in these 
pockets as may be found necessar>'. 

The inner ends of the springs are attached to the arms as 
ihown, the outer ends being secured to blocks in curved slots 
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near the rim of the wheel. This admits of changing the i>osition 
of the outer ends of the springs in adjusting the sensitiveness of 
the governor. In Fig. 76 the arms are shown resting on the hub 
stops c, c, the engine being at rest, and the eccentric at its maxi- 
mimi throw. 




Fio. 76. 

The governor being adjusted for a given load and speed, its 
action in maintaining that speed Mithin narrow limits under ' 
the conditions of var>'ing load or pressure is as follows: 

As the engine starts, the arms, under the action of centrifugal 
force and the restraining action of the springs, move about their 
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(xants of suspension, their extremities moving in the dotted arcs, 
until they reach their previously adjusted positions for the load 
and speed. This movement of the arras, through the links d, d 
moves the center of the eccentric in its arc of vibration about a 
as a center, decreasing the throw of the eccentric, and therefore 
the travel of the valve, so as to make the valve cut off the steam 
at the proper point to maintain the speed. Any increase in the 
load or decrease in the pressure would immediately and momen- j 

larily decrease the speed, but at the same time would decrease 1 

Ihe centrifugal force of the arms, causing them to fall back I 

toward the hub stops and thus increase the throw of the eccentric , 

so as to effect a later cut-ofl and restore the speed. A decrease 
in the load or an increase in the pressure would cause an opposite 
action and effect an earlier cut-off. J 

While centrifugaJ force is largely the steadying influence of | 

the governor and the force which holds the arms in any position 1 

they assume due to the load on the engine, it cannot be depended | 

upon for quick action under changes of load, for in order to 
admit more steam to meet an increase in load the speed must ' 

first be reduced to diminish the centrifugal force sufficiently 
to move the arm toward the center of the shaft. The term [ 

"angular acceleration "is apphed to that tendency of the double- 
ended lever arms to rotate about their pivotal points when 
changes in velocity occur in the wheel. If these lever arms were ! 

not restrained by the springs and other governor mechanism, , 

and were simply pivoted loosely on their pins, they would 
assume a certain position in the wheel and remain in that position 
as long as the velocity remained unchanged. 

Assume, for illustration, a sudden retardation of the rim 
velocity due to an increase in the load. The lever arms immedi- I 

ately tend to rotate about their pivotal points, due to their 
inertia and the energy stored in them, the rotation tendency , 

being in the same direction as that of the wheel. This "angu- J 

i J 
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lar acceleration " is taken advantage of to shift quickly the eccen- 
tric so as to increase its throw and admit more steam to the 
engine before the reduction in centrifugal force is felt. For a 
decrease in the load and an acceleration of rim velocity the 
reverse action will take place and the cut-ofif be shortened. 

There is another force, that of tangential inertia, which has a 
steadying influence on the lever arms, preventing violent slam- 
ming and changes of position imder sudden variations of load. 
The tangent to the circle described by the centers of gravity 
gf gf drawn in the direction opposite to that of rotation, is the 
direction of action of the force of tangential inertia, and as the 
construction of the governor is such that these tangents can 
never pass outside of the lever pivots, it foUows that the force 
of tangential inertia is opposed to, and restrains, the violent 
action of centrifugal force and angular acceleration in shifting 
the arms to their outer positions if the load is suddenly 
removed. 

Should one of the springs break the engine could not run away, 
because the arms in flying out would bring up against the stops 
e, e, bringing the center of the eccentric in the line ao joining its 
point of suspension and the center of the shaft, the position for 
the minimum travel of the valve, admitting no steam to the 
cylinder and causing the engine to stop. 

The regulation by this governor is so close that a variation in 
speed of less than 2 per cent accompanies a shift from full load 
to no load. 

103. The Defects of the Reciprocating Engine. — The oper- 
ation of the reciprocating engine with the simple slide valve 
controlling the admission and the exhaust of the steam to and 
from the cylinder was early recognized as imeconomical and 
inefficient. The range of cut-off was limited, and the operation 
of cut-off could only be effected by a gradual closing of the valve 
with the consequent wire-drawing of the steam. The effort to 



bold the engine to a fixed speed under the varying conditions of 
load and pressure through the agency of the flyball governor 
was ineffective and inefficient, as the governor lacked sensitive- 
ness, and its action in throttling the steam was another source 
of the evil of wire-drawing. The valve was necessarily placed 
at some distance from the ends of the cylinder, necessitating 
long ports and consequent large clearance spaces, the wasteful 
effect of which will be considered later. 

An immense step in the improvement of the steam engine was 
made in 1849 when Geo. H. Corhss. an American inventor, in- 
troduced his system of semi-rotating valves for the admission 
and exhaust of steam to and from the cylinder, and to this day 
the type of engine bearing his name, within the limits of its 
possible rotational speed, is regarded the world over as the 
highest form of reciprocating engine construction. 

»I04. The Corliss Engine. — The distinctive features of the 
ffliss engine are: 
I. Four semi-rotary valves, two for steam and two for exhaust, 
and so placed at the ends of the cylinder as to reduce clearance 
to a minimum. With the cylinder horizontal, which is usually 
the case, the steam valves are placed at the top and the exhaust 
valves at the bottom of the cylinder, so that all water from con- 
densation may be drained in the exhaust. 

2. The employment of a wrist-plate which receives an oscil- 
lating motion from an eccentric on the main shaft. Pivoted to 
the wrist-plate are four arms, one connecting to each of the 
four valves, and so adjusted as to obtain rapid opening and 
closing of the valves, and to maintain a full opening of port 
during the period of admission and of exhaust. 

3, A simple and effective means of releasing the steam valve 
from the driving mechanism, so that the steam shall be cut off 
at the desired point of the stroke and the valve seated quickly 
by the suction of a vacuum dash pot. 
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, driv-i 



L by a belt from the i 



shaft and. 



4. A governor, 

fiitirel)' independent of the valve gear, its purpose being that of> 
adjusting the power of the engine to the work to be done byr 
determining the point at which the valve shall be released t»J 
cilect the cut-off with the minimum variation in speed in any* 
change of load. 

The arms radiating from the wrist-plate to the valves are! 
provided with right- and left-hand screws by means of which theif' 
lengths may be adjusted independently, so that the lead, the' 
point of exhaust, and the point of compression may be varied^ 
at will, whatever the point of cut-off. The bell-crank conneo- 
tions of the valve gear insure a quick opening of the valve to^ 
steam, and the suction of the dash pot effects its instant closure; 
at cut-off, so that wire-drawing is reduced to a minimum and' 
the full expansive force of the steam realized in the cylinder. 

It will be observed that a combination of the special features) 
of the Corliss valve gear realizes all the features that were lackingl 
in the slide valve. ' 

The operation of the steam valve gear of the Corliss engine ia- 
shown in Fig. 77. The wrist-plale (not shown) receives an, 
oscillating motion from the eccentric on the main shaft. The! 
valve stem A leads to the valve through a sleeve projectii^ 
from the steam chest. To the end of the valve stem is keyedll 
the arm B, at the end of wliich. on the farther side, is a pro*j 
Jecting block b. To B is also attached the cod d leading to the; 
dash pot. The bell crank CC is mounted on the sleeve encasing] 
the valve stem. To the end of the arm C is attached a roffl 
leading to the wrist-piate, and at the end of the arm C' is a] 
projecting stud on which is pivoted a claw having the arms.^ 
and £. The arm F, riding loosely on a boss of the arm B, OS 
connected to the governor by the rod /i, and on its boss 5 is n 
projecting block e. The arm F is free to move, and its position 
and therefore that of the projecting block e, is determined by th0 
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governor according to the load on the engine. The arm E of 
the claw is made to press against the boss S of the arm F by the 
action of the spring k. In the position shown in the figure 
the catch / engages the block b, and as the arm C is moving from 
right to left the arm B is rising and turning the valve so as to 
open the port for the admission of steam into the cylinder. The 
upward movement continues to open the valve to steam until 
ihe arm E strikes the block e. which action forces the arm D 
outward, releasing the catch/ from the block b. the arm B then 
falling under the suction 
action of the dash pot, 
thus closing the valve to 
steam and effecting a 
quick cut-off. On the re- 
turn stroke of the engine 
the valve gear at the other 
end of the cyhnder oper- 
ates in a similar manner 
while the arm C moves 
(torn left to right, causing 
the catch/ to engage again 
with the block b in pre- 
paration for the succeed- 
ing stroke. In case of a 

variation of the load on 

Fii-.. 77. 
the engine the governor 

changes the position of e so that cut-off will be sooner in case the 

load is decreased or later in case of a heaxier load and in this 

manner maintain a nearly constant speed of the engine. In case 

the driving belt of the governor should break the governor balls 

would fall to their lowest position, moving the arm F so far to the 

right that the arm E would not come in contact with e and there 

would be no cut-off of the steam and the engine would run awaVj 
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y prevent this the block e' is pro\nded. which, in Uw 
just mentioned, would be overridden by the ann £ and thus 
prevent the catch / from engaging with the block b. causing 
the engine to slop. 

In Fig. 78 is shown the wrist-plate and valve mechanism 
on the side of the cylinder, the slcam valves being at the top 
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show3 I 
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and the I'xhausl valves at the bottom. The illustration 
how the oscillation of the wrist -iilate gives a back-and-forth 
lionul movement to the valves. The part section shows that 4he 
exhaust chamber is separated from the cylinder in order that 
the walls of the cylinder shall not be chilled by the exhaustJ 
steam. Both the steam and exhaust valves are double ported, 
as shown in the section \-iews. which is for the purpose of giving, 
the neccssarj- port opening with a reduced movement of the 
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T^ve. The dash pot used in connection with the steam valve 
at one end is shoiA-n. It has a double piston, made in one cast- 
ing, the lower and smaller one working in a cyHnder from which 
the air is excluded, while the upper piston works in a larger 
cylinder which has small openings to the atmosphere near its 
bottom. When the valve arm B, Fig. 77, is raised the double 
piston lifts, forming a vacuum in the lower cylinder and admit- 
ting air into the upper one. When the arm B is released its fall 
is hastened by the suction of the vacuum, giving to the valve 
a quick cut-off motion. The air holes in the upf>er cylinder are 
so proportioned as to restrict the escape of the air as the pistons 
fall so as to provide a cushion to bring them to rest. 

It will be observed that the eccentric center, as with the slide 
valve, will be in the line of dead points, and the valve will have 
its maximum displacement when the crank has turned through 
an angle of 90° minus the angular advance, or before the piston 
has reached half stroke; so that the arm B will, if not released 
before the valve has its maximum displacement, remain under 
the control of the wrist-plate linkage and, in consequence, cut- 
off will not take place until near the end of the stroke, as deter- 
mined by the angular advance. From this it is seen that the 
range of cut-off extends from the beginning to less than half 
stroke. A longer cut-off might be provided for by giving nega- 
tive angular advance to the eccentric, that is, by setting the 
eccentric on the shaft less than go° ahead of the crank. Such 
an arrangement with a single eccentric, however, would inter- 
fere with release and compression. When a cut-off later than 
half stroke is required, as is generally the case in the L.P. cylinder 
of a compound engine, there must be two wrist-pins, one for 
the steam valves and the other for the exhaust valves, and worked 
by separate eccentrics. The steam valve eccentric may then 
be given negative angidar advance and provision made for a 
cut-off later than half stroke. 
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The disadvantages of the Corliss engine lie in the facts that 
its flyball governor does not give a close regulation of the speed 
under varying conditions of load and pressure, and that its 
trip cut-oflf gear with dash-pot attachment limits its rotational 
speed to little, if anything, in excess of loo revolutions per minute, 
which necessitates a long piston stroke with its attending cylinder 
condensation losses. 

105. The Four-valve Engine. — The four-valve type of 
engine, automatically controlled by a shaft governor, is now 
becoming extensively used. Its steam and exhaust valves are 
operated by separate eccentrics, and the cut-off is effected with- 
out the aid of trip gear or dash pot. It possesses all the advan- 
tages of the Corliss engine, except that the closing of the valve 
at cut-off is not quite so prompt; but it has the additional 
advantages of closer speed regulation, higher rotational speed,, 
and valve gear of simpler construction. 

Figure 79 is a general view of the Fleming-Harrisburg four- 
valve engine. The cut-off is controlled by the centrifugal-inertia 
type of shaft governor and slotted eccentric illustrated in Art. 
102. The eccentric operating the steam valves is connected to a 
rocker arm on the side of the engine frame. From this rocker 
arm a connecting-rod transmits the motion of the eccentric to 
bell cranks mounted on the side of the cylinder, and thence, 
through links, the motion is conveyed to the valve arms. 
This combination of levers is designed to give to the rotating 
valve an accelerated motion at commencement of stroke and at 
cut-off. The eccentric op^erating the exhaust valves is fixed on 
the shaft, its rod also connecting with a rocker arm on the engine 
frame. From tliis rocker arm a connecting-rod transmits the 
motion of the eccentric direct to the exhaust valve arms. 

This engine operates very efficiently at rotational speeds as 
high as 250 r.p.m.. and may be termed a moderately high-speed 
engine. It is built in both the simple and compound forms. 
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106. The Buckeye Engine. — A ^'e^tical section through the 
cylinder and valve chesl of the well-known Buckeye engine is 
shown in Fig, 80, It is an engine of moderately high rotational 
speed, governed automatically by the shaft governor described 
in Art. loi. The main valve B is of the cylindrical balanced 
type, the steam surrounding it and pressing equally in all direc- 
tions, and is driven by a fixed eccentric. The cylindrical cut-off 




valve C rides within the main valve and is operated by a loose 
eccentric whose angular advance is controlled by the action of 
the governor, as explained tn Art. 101. The riding of the cut-ofT 
valve within the main valve is made possible by having the 
stem of the cut-off valve pass through the hollow stem of the, 
main valve. The valve movement is so adjusted that cut-off" 
occurs, whether early or late, when the motion of the cut-off 
valve is fastest. As shown in Fig. 80. the piston is about to 
start on its stroke from left to right, the steam valvp being Tnea 




THE RECIPRUCATINC STEAM ENGINE 167 

to the extent of the lead, and the steam of the preceding stroke 
escaping to the exhaust at the right end. 

A cross-compound tyyie of the Buckeye engine is shown in 
Fig. 81. 

107. The High-speed Engine. — One of the factors in estimat- 
ing the power of an engine is the distance through which the 
piston moves in a given time. This factor is known as the piston 
speed, and is expressed in feet per minute. The piston speed is 
then the pnxiuct of the number of strokes made by the engine 
in a minute and the length of the stroke in feet. Since the piston 
makes two strokes whiJe the crank makes one revolution, we 
shall have 2 LN as an exjiression for the piston speed, in which 
/, is the length of the stroke in feet and N the number of revo- 
lutions per minute. From this it is seen that, for a given piston 
speed, as the length of the stroke is decreased the number of 
revolutions may be increased. The piston speeds for dilTerent 
types of engines are quite well determined from practical con- 
siderations, and are not likely to be much exceeded; so that, for 
a given power, the stroke of an engine may be decreased as its 
rotational speeii is increased, with the resulting decrease in cost 
and in space occupied. 

It has been seen that the releasing-gear valve-motion of the 
Corliss engine limited the rotational speed to about 100 r.p.m., 
necessitating a long stroke to that tyjie of engine to obtain 
the required piston speed. Such engines are termed loui-specd 
engines, the speed referring to the number of revolutions jjer 
niinute and not to the piston speed. With the four-valve engine 
and other types that have discarded the releasing gear and sub- 
stituted a positive motion from the eccentric to the cut-off gear. 
the rotational speed increased to about 250 r.p.m.. which classed 
tlneni as engines of moderately high speed. 

e production of the rotational speed of more than 400 r.p.m. 
iiow c"'aracterizes the high-speed engine resulted in advi 
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tages other than a reduction in first cost and in space occupied. 
It was realized that engines of such rotational speed would be 
suitable for direct connection to electric generators, and it is 
in such service that the high-speed stationary engine has its 
field of widest application, though they are extensively used in 
almost every other service in units not exceeding 800 I.H.P. 
The quick running of such engines reduces the time during 
which the steam remains in the cylinder per stroke, and thus 
lessens the loss from cylinder condensation. Owing to its high 
rotational speed the high-speed engine is susceptible to close 
speed regulation, its cut-off being automatically controlled by 
a shaft governor. 

The high-speed engine, as usually constructed, having a 
balanced valve, generally of the piston type, and fitted with self- 
oiling devices, is a marvel of mechanical skill, operating through 
protracted service with a degree of efficiency little, if at all, 
excelled by the low-speed tj'pe of engine. Its high rotational 
speed has made possible a compromise reduction in the size of 
the cylinder involving both stroke and diameter, and also a 
reduction in the diameter of the flywheel, thus decreasing the 
dead weight on the engine bearings and permitting a smaller 
diameter of shaft. 

108. The Fleming-Hanisburg High-speed Engine. — A good 
example of the high-speed engine is that of the Fleming-Harris- 
burg single-valve, self-oiling engine, and its details will be given 
as typical of good practice. 

It is built in units developing from 12 to 800 I.H.P., the revolu- 
tions per minute varj-ing from 500 to 120, and the piston speed 
from 500 to 720 feet per minute. The valve is of the balanced 
piston type, its point of cut-oil being automatically controlled 
by the centrifugal-inertia shaft governor described in Art. 102, 
horizontal sectional view through the cylinder and v. 
shown in Fig. 82. The piston is shown in the position 
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friction to a minimum, and affords a greater port opening than 
any other type of single-ported valve. The valve is designed 
to work in bushings, or cages, so that repairs may be made 
promptly and inexpensively in case of wear. The valve is made 
of chilled cast iron, and instead of being a one-piece casting, the 
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heads are separate and may be 
adjusted relatively to each other by 
means of bronze lock nuts. The 
valve and cage are ground true to 
gauge, and the steam ports in the 
cages are accurately milled. 

The valve gear is shown in Fig. 
84. The eccentric and strap are of 
selected, close-grained cast iron, are 
strong but light, and have ample 
bearing surface. The strap is lined 
with the special grade of babbitt 
metal employed in all the other 
bearings of the engine. The eccen- 
tric rod is a one-piece forging of 
open -hearth steel, while its box 
connection with the pin on the valve 
block, or ram, is made of phosphor 
bronze. The ram between the ends 
of the eccentric rod and valve stem 
is circular in form, and is accurately 
ground to gauge in its guide. 

The piston, piston rod and piston 
packing rings are shown in Fig, S^. 
The piston is of cast iron, made 
as light as possible, consistent with 
strength. Instead of the ordinarj' 
piston packing ring with the diag- 
onally cut joint, the Flcming-Har- 
risburg ring is L-shajie in section 
and has a square cut joint covered 
with a brass plate, so that no 
steam can pass it. These rings are 
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made of the finest quality of hard close-grained charcoal iron, 
and when sprung in position they fit accurately into grooves 
in the piston, the vertical stem of the L fitting snugly in its 
groove, while a space is provided uiider the horizontal stem to 
admit steam under it so that it is pressed out against the cylinder 




wall to make a lasting steam-light joint. The piston rod is made 
of the finest rolled steel containing a percentage of nickel. The 
rod is turned to a taper at the piston end and is driven home to 
a shoulder and securely held by a coltered nut. The other end 
is screwed in the 
crosshead and pre- 
\'cnted from turn- 
ing by a Jam nut. 
The crosshead is 
shown in Fig. 86. 
It is a steel casting, 
the upper and lower 
surfaces of which 
are accurately 
pi a Tied to receive 
the linersand shoes. 
These shoes are of 
f^"^' ^ phosphor bronze 

and are tirmly boiled to the crosshead. They are fini^ied 
aiter attachment, thus insuring alignment. The wrist-^nn 
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is an open-hearth steel forging, turned, hardened, and ground 
accurate!)- to gauge. The design of this pin is a taper of the 
same angle toward both ends, jiennitting its secure fastening 
by means of lock nuts. Access to the WTist-pin is provided by 
means of an opening in the engine frame, through which it may 
be removed without disturbing the crosshead. 

The connecting-rod is shown in Fig. 87. It is a rod of the 
marine type, made of an open-hearth steel forging direct from 
the billet, the crank end being a steel casting with cap and 
bolts. The cap is locked on by means of nuts, and, as an addi- 




tional safeguard, the ends of the bolts are drilled and provided 
with cotter pins. The casting and its cap have carefully scraped 
babbitt hners of high-grade anti-friction metal, in which the 
crank-pin works. The crosshead end of the connecting-rod is 
forged solid, drilled and slotted for the crosshcad-pin brasses, 
which are made in halves. The brasses are lined with phosphor 
bronze and are made adjustable by means of a wedge and bolt. 
The crank shaft and overhung crank is shown in Fig. S8. 
The shaft is a one-piece, hammered, open-hearth steel forging. 
It is accurately turned throughout its length and. for a direct- 
connected generating set, is closely finished to size 'to carry 
the armature or rotor of the generator for which it is designed. 
The crank-disk and crank-pin, shown in Fig. 89, are of cast 
steel and in one casting, making poM" ' '^e use of a pin 
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of larger diameter than could be employed where the pin is 
made separately and forced into the disk. By making the pin 
and disk in one piece, the pin serves as a substantial reinforce- 



1^ 



ment of the disk, instead of weakening it as is the case where 
the usual practice of boring out and pressing the pin into place 
is followed. The disk is closely fitted to the crank shaft, besides 




being keyed to it, To obtain the best possible balance the 
trank-disk is nicely proportioned to counteract the inertia of 
tJie reciprocating parts. 
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The method of lubrication wliich characterizes the Fleming- 
Harrisburg high-speed engine as "self-oiling" is shown in Figs. 90 
and 91. The main supply of oil is concentrated in the crank- 




case oil well, or crank pit, whose hood is removable. An at- 
tached sight glass shows at a glance the quantity of oil in the pit. 
The rim of the circular crank-disk is constantly in contact with 
the oil, Fig. 90. and carries with it, as it revolves, a copious 
supply of oil which is thrown by cen- 
trifugal force back upon the crosshead 
and guides. The crank-disk also 
throws a continuous spray into a 
trough, placed across the inside face 
of the oil hood, which becomes filled 
as soon as the engine turns over. A 
short tube of ample bore conveys this 
oD to a point over the main bearing, 
Fig. 91. towhich it flows in a constant 
stream that is always visible to the 
attendant. This stream of oil enters f'<i- 9>- 

and flows through the main shaft bearing, from which it passes 
inwardly into an annular eccentric groove cut in the outside 
face of the crank-disk. From the most eccentric point of this 
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groove angular holes are drilled through the disks to the middle 
of the crank-pin surface, through which a part of the oil dis- 
charged to the bearing is forced by centrifugal pumpage to the 
crank-pin bearing. This lubricating device is automatic in its 
action, and starts and stops with the engine. 

All the details given of the Fleming-Harrisburg high-q>eed 
engine may be considered as examples of good engineering prac- 
tice. Those of other engines differ, but the main objects sought 
are identical. 

zog. Lubrication. — In the operation of the steam eng^e 
there is power lost in overcoming the friction between sliding 
surfaces, and it is the object of lubrication to reduce this loss 
to a minimum. If bearing surfaces were permitted to rub each 
other without lubrication they would soon become damaged from 
heating and would render the engine inoperative. The lubri- 
cant most conunonly used is mineral oil, and its introduction 
between the surfaces in moving contact, in the shape of a thin 
film, greatly reduces the friction and permits a safe and easy 
movement. Some form of sight-feed drip cup, filled and oper- 
ated by hand, is extensively used in lubricating the bearing sur- 
faces of engines, though a preferable method is that of having a 
system of pipes lead to the bearings from a central tank, the oil 
being fed either by gravity or by pressure. The lubrication of 
the moving parts of an engine that are in contact with the steam, 
such as the valve and piston, is effected mechanically, or hydro- 
statkally through the medium of the steam. When mechanical 
are employed, such as a hand force pump, oil is injected 
the steam pipe close to the valve chest, or into the valve 
A itadf I and is there atomized and carried by the steam to 
^ffifii^g surfaces. The steam sight-feed oiling devices are 
kniby the hydrostatic pressure of a head of water formed 
by steam condensation, and by the displacing 
or over oil. 



THE RECIPROCATING STEAM ENGINE 



177 



iio. Sight-feed Lubricator. — Sight-feed lubricators for intro- 
ducing oil into the valve chest and cylinder of an engine are 
of two kinds, viz., single-connection lubricators, which have but 
one connection with the steam pipe, the oil passing through the 
same passage that admits the steam, and double-connection lubri- 
cators which have two openings into the steam pipe, one for the 
admission of steam and the ottrer for the passage of oil. 




Fio. 9. 



Figure 92 shows a sight-feed lubricator of the single-connection 
type. The connection with the steam pipe is made at A, the 
steam flowing through the pipe B into the condenser F. The 
steam also fows through the connection a and cored passage b 
into the sight-feed glass C. The steam is condensed by radiation 
in both the condenser and sight-feed glass, the water in the con- 
denser flowing into the oil reservoir E through the pipe/. The 
reservoir being filled with oil, the water which enters through 
pipe /, by its displacing power, lifts the body of oil in E, i 
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it to escape through the pipe h mto a nozzle at the bottom of 
the sight-feed glass; thence, because of its lesser specific gravity, 
it rises through the water in the sight-feed glass, and then through 
a and the cored passage b it enters the steam pipe and is carried 
by the steam into the valve chest and cylinder. 

As the pressure on top of the water in the condenser and that ' 
on top of the water in the sight-feed glass is the same, there is no 
tendency for the oil to flow due to the steam pressure, the dis- 
placing force being that due to the dilBFerence in height between 
the colimin of water in the condenser and that in the sight-feed 
glass. 

The oil reservoir is filled through the plug opening at 5, and 
the rate of flow of the oil is governed by the needle valve N. 
The water from the condenser can be shut off by the valve M, 
and the water may be drained from the reservoir by means of 
the cock K. The gauge glass G shows the height of oil in the 
reservoir. In case of injury to the sight-feed glass, steam can 
be shut off by means of the valve T. The oil flows upward in 
drops in the sight-feed glass, giving the lubricator what is know^n 
as an upfeed. 

In Fig. 93 is shown an arrangement for oiling the crank-pin, 
the eccentric and shaft bearing. In the case of the crank-pin, 
the oil drips from an ordinary sight-feed drip cup into the oil 
receiver, whose position is in the center line of the shaft. From 
the receiver the oil is carried outward by centrifugal force through 
the revolving pipe arm, and thence through the pipe connection 
A to the crank-pin, and then, through small passages, circulates 
between the surfaces of the crank-pin and brasses. The oil for 
the shaft bearing is fed by gravity from a sight-feed cup, from 
the standard of which projects an arm which carries a similar 
cup which feeds into a trough on the eccentric strap. 

III. Grease Cup. — A hea\y grease product of mineral oil 
is often used for lubrication. In some instances the grease flows 
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from the cup by gravity as it is melled by the heat of the bearing, 
but more Ireqiiently the grease is forced between the bearing 




surfaces by the compression of a spring. 
Fig. 94 shows a compression grease cup in 
section. The filling of the cup and its 
action is as follows: By turning the jam nut 
iV to the right the spring O is compressed 
and the plunger K drawn to the top, expos- 
ing the full length of the stem B. Then 
unscrew the cap C and fill the chamber A 
with grease, leaving space at the top to 
receive the plunger A". Replace cap C and 
apply pressure by releasing the jam nut N, 
running it to the top of the stem against 
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: button /, The quantity of grease fed is controlled by 

l-<jJT R in the shank B. To stop the feed at any time, run 

Jam nut S down to the cap C. thus taking the tmsion €iff the 

I ^jring. 'Hit jam nut is pro\idcd with a spring stop D which 

engage^ the flat on stem H and is of sufiicient tension to hold it 

I at any dt-sired point. 

112. Cla 8 sill cation of Engines. — Engines are classi6ed accord- 
ing to the .stTvici- fur which ihey are intended and may be con- 
I iJdercd a* of three classes, viz., stationary, locomotive and marine. 
The Hlationary engine delivers its power to the shaft, from 
which it is transmitted directly, or by belt or rope, to its point 
I of application. It has countless applications in the industries 
[ and in the generation of electric light and power. 

The locomotive tind marine engines deliver their power 
directly, the former to the driving wheels and the latter to the 
propeller. 

Of the two forms of engines, the horizanUil and vertical, the 

former is very generally used in plants of small and moderate 

powers. It is cheaper in construction and much more accessible 

' for inspection and repair llian the vertical engine, though it 

^occupies more floor space. The main objection to horizontal 

I engines of large [wwer is the dilliculty of supporting the weight 

of the piston and preventing it from cutting the cylinder and 

wearing it out of true when traveling at the high piston speeds 

I ivquircd in modem practice. It is because of this objection 

that the \'ertical engine is used in plants of large power. Tlie 

shaft of a vertical engine rests in bearings which are a part of 

the bed plate that rests on the foundation, the cylinder being 

held in vertical fniming, thus throwing the weight of the piston 

on the bearings. The \TrtJcal engine runs more smoothly and 

with a greater mechunicul efficiency than the horizontal ei^ne, 

L due to the fact that the unlKiUin<t.-d forces inseparable fnnn 

\ the o|>emtion of the steam engine are more easily countencted. 
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Inaccessibility for repairs and the excessive head room required 
for the vertical engine are its chief disadvantages. 

113. Direction of Running. — A horizontal engine is said to 
run aver when the crank-pin describes the upper half of its circle 
of revolution while the piston makes its forward stroke, that is, 
the stroke towards the shaft. For engines that run in one direc- 
tion only, that is, not subject to reversal, the condition that they 
run over is sufficient to insure that the resultant pressure on the 
crosshead will be down, and that, therefore, only a single slide 
will be necessary to guide the crosshead. Should the engine run 
under, or should its motion be reversed, the resultant pressure 
on the crosshead would be up. necessitating a top and bottom 
slide to guide the crosshead and prevent the defiection of the 
end of the piston rod from its horizontal motion. Double 
crosshead slides arc required for vertical engines and for loco- 
motive and marine engines, whose direction of running is fre- 
quently changed. 

114. The Choice of an Engine. — The choice of an engine for 
any particular ser\ice presents a problem of so many conflicting 
conditions that a great degree of skill is required for its satis- 
factory solution. The cost of operation of a power plant, which 
includes the fixed charge of interest on the first cost and the 
cost of fuel and attendance, is always a controlling influence in 
the choice of an engine suitable for the power and service re- 
quired. The most economical engines in the use of fuel are 
usually of high initial cost, which increases the fixed charge 
of interest, but such engines require the least boiler power to 
operate them, so that the cost of the engine alone is not the 
only thing to be considered, but rather the cost of the entire 
plant. If the ser\-ice required of an engine be continuous and 
the load constant the first consideration is then the cost of the 
fuel, and the most efficient engine should be chosen regardless 
of first cost. For light powers under these conditions, the 
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simple high-speed single-valve engine wouJd be suitable; for in- 
termediate powers, the engine of moderately high speed, whether 
simple or compound, should be the choice; and for large powers, 
the low-5i>eed compound engine of cither the horizontal or verti- 
cal t>'pe is applicable. For continuous service and variable load, 
some form of condensing engine should be chosen, because of its 
wider field in the expansive use of steam without materially 
affecting its efficiency. 

The choice of an engine for intermittent service, such as 
hoisting engines and engines furnishing power for the industries 
that operate for only a portion of the year, is attended with so 
many conflicting circumstances that no definite rule applies. 
Engines of widely different types are found operating under 
such conditions. 

Whether or not a plant should be operated by a condensing 
or a non-condensing engine is often determined by the local con- 
ditions as to the supply, cost and purity of condensing water. 
The condensing engine is not only more economical in the expen- 
diture of fuel than the non-condensing engine, but can be made 
smaller for equal powers and is therefore cheaper in first cost. 
With an available supply of cooling water it is greatly in the 
interest of economy to operate the engine with a condenser, 
particularly for the larger powers, and under such conditions 
the compound tj'pes of engines have their greatest field of use- 
fulness. The choice of the non-condensing engine is governed 
by the use it is proposed to make of the exhaust steam as, for 
example, in heating and drying systems, heating feed water, 
and in other uses to which it is applicable. 




CHAPTER \^II 

CONDENSERS. FEED-WATER HEATERS. PUMPS 

115. Condensers. — The economical advantage In operating 
a steam engine in connection with a condenser is explained in 
Chapter XIII. Local conditions as to the supply of condensing 
water, or as to the extent of the plant, are usually the determin- 
ing influences governing the employment of condensers. The 
situation of a power plant may be remote from a natural water 
source, such as a lake or a stream, necessitating the purchase of 
city water, but if the power to be developed is large it will be 
in the interest of economy to use a condenser since by so doing 
a saving of about 25 per cent in steam consumption may be 
eflected. A saving in steam consumption means not only a 
saving in fuel, but means also that the power of an existing non- 
condensing plant may be increased one-fourth by the employ- 
ment of a condenser. 

Suppose, for example, that the buildings and equipment of an 
existing non-condensing plant of 400 H.P. cost Si 25 per H.P. 
If this plant were operated with a condenser its H.P, would 
be increased to 500, and the cost per H.P. reduced to 
400 X 12.5 ^ 



500 



= $100, a saving of $25 per H.P., which is vastly 

greater than the cost of the most eificient condenser. 

The condenser may be of the jet or surface type. In the jet 
condenser the exhaust steam from the engine enters the con- 
densing chamber where it is brought in contact with a jet of 
cold water, resulting in the condensation of the steam and the 
production of a vacuum. The mixture of the water from the 
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condensed steam and the condensing water falls to the bottom 
of the condenser and must be pumped out regularly by the air 
pump; otherwise the air contained in the condensing water 
would accumulate and destroy the vacuum. 

It will be seen that with the jet condenser, the feed water is a 
mixture of the condensing water and the water resulting from 
the condensation of the steam, about 25 pounds of the former to 
1 pound of the latter, so that in case the condensing water con- 
tains salts, acids and scale-producing impurities, the feed water 
resulting from the mixture is capable of doing great injury to 
the boiler. 

With the surface condenser the exhaust steam on entrance into 
the condenser comes in contact with the cold metallic surfaces 
of tubes through which condensing water is being forced by a 
circulating pump. In this process the steam is at once con- 
densed and a vacuum formed. The water resulting from the 
condensation of the steam fails to the bottom of the condenser, 
whence it is drawn, together with any air or uncondensed vapor 
that may be present, by the air pump. 

With the surface condenser there is no mixture of the condensed 
steam and the condensing water, and therefore a purity of feed 
water is produced that prevents an accumulation of dirt in the 
boiler and the formation of scale on the heating surface. 

Tbe choice of a type of condenser is governed by local condi- 
tions. If the condensing water is suitable for feed water and 
its supply plentiful, the jet condenser is to be preferred, owing 
to its simpUcity, its comparative small bulk and cost, and its 
requirement of only one pump. With the surface condenser 
the cooling water and its contained air does not mix with the 
pure water resulting from the condensation of the steam, and 
in consequence the air pump maintains a better vacuum and 
has less work to perform than with the jet condenser. The 
surface condenser is the more bulky and expensive of the two 
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types, but its use is imperative in marioe practice where salt 
water is used for cooling, and on land where good cooling water 
is scarce or expensive. 

ii6. Cooling Ponds and Towers. — In some cases where 
cooling water is scarce or expensive resort is made to cooling 
ponds and cooling towers, devices which admit of cooling the 
condensing water after its discharge from the condenser, thus 
permitting its repeated use. The cooling pond, which is of 
artificial construction, is of sufficient capacity to supply the 
condenser iv-ith cooling water. This water, after passing through 
the condenser, is discharged into the pond, where by evapora- 
tion and radiation into the air its temperature is lowered to an 
extent that permits its re-use in the condenser. 

Cooling towers are cylindrical in shape and of steel construc- 
tion. The cooling or condensing water after passing through 
the condenser is discharged at a temperature of from 90° to loc" 
into the tower at its top. The interior of the tower is provided 
with partitions of tile checker work or of galvanized iron screens, 
and as the water falls through the checker work or through the 
meshes of the screens it is broken up and exposed to the cooling 
action of an ascending current of air from a fan at the bottom. 
117. The Blake Automatic Jet Condenser. — The sectional 
view. Fig. 95, shows clearly the action of this condenser. The 
adjustable cone is for the purpose of regulating the thickness of 
the spray and amount of injection water supplied to the conden- 
ser. It is also a convenient means of flushing out the condenser 
in case it becomes clogged with grass, or other obstructions that 
may enter with the injection water. The exhaust from the 
engine enters at the top of the condenser and is condensed im- 
mediately by the injection spray. The gale valve shown on 
the injection inlet is for the purpose of shutting oiT the water 
supply, as the cone should not be used (or this purpose. The 
gate valve, however, should be left wide open when the condenser 



A 



is in operation and the adjustment of the water supply made 
with the cone. 
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later from rising any Kigher in the condenser than the proper 
level. If, by accident, the air pump should stop, the water will 
rise in the condenser and, when it has reached a certain level. 
lifts the float which in turn raises the relief valve from its seat. 
thus admitting air into the condenser and destroying the vacuum. 
As soon as the pump is again started the float drops to its normal 
position, the air relief valve closes, and the work of condensation 
is promptly resumed. In this way the possibility of flooding the 
engine, with all its attendant clangers, is avoided. 




The Blake Admiralty Surface Condenser. — The cyUndri- 
cal form of this condenser is shown in Fig. 96. the bonnet at the 
circulating pump end being removed. Thf circulating water 
enters the lower chamber at the right end, passes through the 
lower nest of tubes, returns through the upper nest of tubes 
into the upper chamber at the right end, and thence into the 
discharge pipe through the flanged orifice shown. The exhaust 
steam enters the condenser at about the middle of its top, and 
circulating about the cool tubes is condensed and falls to the 
bottom, whence it is removed by the air pump. 
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The tube heads are independent plates and the tubes of 
seamless drawn brass, thoroughly tinned inside and out to pro- 
tect them from corrosion. The tubes pass through stuffing-boxes 
in the tube heads which have threaded brass ferrules, each with j 




a lip on the inside, as shown in Fig. 97. This lip prevents the 
tube from creqjing, and at the same time permits expansion and 
contraction. The tubes are readily removed and the stuffing- 
bo.tes easily repacked. 




This form of contlenser is shown mounted over a combined J 
dr and circulating pump in Fig. 98. The three cylinders arej 
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placed in tandem, the steam cylinder in the middle, the piston 
of which operates the two water pistons. This arrangement saves 
space, is simple and eflicient, and is largely used in marine practice. 
119. Oil Separators. — Exhaust steam from engines and 
pumps is more or less saturated with oil that it has picked up 
during its passage through the valve chests and cylinders and 
it is very important that this oil be removed before the steam 
is admitted to the condenser or into an open feed-water heater. 
The introduclion of oil into the boiler through the medium of the 
feed water is attended with serious results, as it forms a non- 
conductive deposit on the heating surface, with the consequent 
loss in boiler efficiency and great danger of overheating the 
metal. In order to avoid these iU effects separators are used 
to deprive the exhaust steam of its oil. 




130. The Austin Oil Separator. — One form of the Austin oil 
separator is shown in part sectional side view in Fig. 99, and in 
end outside view in Fig. 100. The flat oval shape of the sepa- 
rator is designed to give a large internal area so as to reduce tl 
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velocity of the steam. The baffle plate is deeply corrugated with 
circular grooves, all leading to the receiver part of the separator. 
The baflfle plate has a high flange at its outside edge to prevent 
oil or water from rebounding over the side. The exhaust steam 
enters the flanged opening at the center, and coming in contact 
with the baffler the oil trickles down the grooves of the corruga- 
tions to the receiver, the steam escaping over the edge of the 
baffle plate and continuing its course to the condenser. As a 
precaution to effect a complete separation, there i% a ring flange 
aroimd the outlet orifice to catch any oil that the steam may 
deposit on the sides of the separator. A large percentage of the 
oil in exhaust steam gathers upon the lower inner side of the pipe 
along which it flows under pressure of the steam, and it is to 
catch this oil that the gutter at the inlet orifice is provided, from 
which it drains to the receiver. 

121. Feed-water Heaters. — It is the purpose of feed-water 
heaters to utilize the heat of the exhaust steam of the engine in 
raising the temperature of the water fed to the boiler, and thus 
effect an economy in the expenditure of fuel. No direct saving 
in fuel can result from heating feed water unless the heat is 
obtained from some source of waste, such as the exhaust steam 
of the engine. Live-steam feed-water heaters, in which the feed 
water may be heated to boiler temperature if desired, are feed- 
water purifiers as well, in that they free the water of scale- 
making impurities by causing their precipitation before the 
water is discharged to the boiler, and as such precipitation takes 
place only at temperatures considerably higher than 212°, the 
use of live steam in them is a necessity. Their saving in fuel 
occurs indirectly from the fact that they very much reduce the 
accumulation of scale on the heating surface of the boiler, and 
thereby maintain a higher rate of heat transmission from the 
products of combustion to the water. The high temperature of 
the feed water from a live steam heater undoubtedly prolongs 
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the life of a boiler by lessening the expansion and contractioo 
in the metal incident to the use of feed water of lower temper- 
ature. 

Exhaust-steam feed-water heaters are of two t>'pes, the open 
and the closed. 

The open type consists essentially of an open chamber in 
which the exhaust steam and the water to be heated are brought 
into intimate contact by spraying the water through the bteam. 
The pressure in such heaters is necessarily that of the exhaust 
steam, about atmospheric pressure. The water resulting from 
the condensation of the steam mixes with and becomes a part of 
the feed water, which is a bad arrangement unless a separator 
is used to deprive the steam of its entrained oil. If the supply 
of steam be ample the temperature of the feed water is usually 
rdsed to about 210° F. 

In the closed feed-water heater the steam and water are 
separated by metallic walls, the water being usually circulated 
through tubes and the exhaust steam flowing in the spaces 
between the tubes. In some instances the arrangement is the 
reverse of this, the steam flowing through tubes that are sur- 
rounded by the water to be heated. The transmission of heat 
from the steam to the water is therefore through the medium 
of a metallic surface, and if one side or the other of this surface 
be coated with grease or scale the transmission becomes imper- 
fect, and a feed temperature several degrees lower than that of 
the open heater may be expected. The closed heater is usually 
placed in the feed line between the pump and boiler, and for 
this reason may be subjected to boiler pressure, a fact that 
necessitates for them a physical structure of great strength, usu- 
ally of steel plates in cylindrical form. The closed heater may 
be used as a live-steam heater and the temperature of the feed 
be raised to within a few degrees of that of the boiler, if so 
desired. 
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122. The Wainwright Feed-water Heater. — The Wam- 
wright heater, an example of the closed type, is shown in Fig. loi. 
In arrangement it is very similar to a surface condenser. It 
insists of a cylindrical shell containing a series of corrugated 
ipper tubes arranged in four nests. The water enters the feed 
let at the top, and, after passing successively through the four 
ists of tubes, is discharged through the feed outlet at the 
ittom. The exhaust steam enters at the bottom and circulates 




round the tubes in the space between the lube sheets, imparting 

I heat to the water passing through the tubes. It will be 
i that the exhaust inlet is so placed that the heated water, 

)0t as it leaves the heater, receives the full benefit of the enter- 
taut e.xhiiust steam. There is a safety valve connection with the 
Wttter side to afford relief from the water expansion that would 

lk.v l>lftcc in case the inlet and outlet water valves should he- 

^A WWtlcillttr feature of this heater is the corrugated copper 
bk any feed-water heater an appreciable amount of time 
i l*> transfer the heat from the steam to the water, but 
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it IS claimed that more of this time is taken up by the heat in 
passing from the outside of the cylindrical body of water passing 
through the tube to its center or core than is used in passing 
through the metal of the tube, in which case the corrugations 
of the tube are effective in breaking up the core and bringing 
e\'er>- part of the water into direct contact with the hot tube. 
The ine\'itable expansion of the tubes due to the changes in 
temperature is taken up in the corrugations, which jiermits the 




ends of the tubes to be rigidly expanded in the tube sheets, an 
anangement much to be preferred to the ordinary stuffing-box 
method of allowing for expansion and for keeping the tubes tight. 
The tubes of this heater are fastened at each end in the tube 
plates by a brass thimble expanded in position after the manner 
diown in Fig, 102. 

123. The Cochrane Heater. — An interior \-iew of the Coch- 
rane Steam-Stack Cut-Out \'alve Heater and Receiver is shown 
in Fig. 103. It is a heater of the open type. Steam enters from 
the right into the oil separator, which is of the single, vertically- 
ribbed baffle type. The water and oil in the steam, and the oily 
emulsion flowing in the bottom of the exhaust pipe, are diverted 
into the well of the separator, where they are removed from the 
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I action of the steam current and whence they drain to the trap 
below. The water to be heated flows into a trough at the top 
and then over and through a series of perforated trays, inclined 
first one way and then the other, each tray catching the drips 
from the one above, The oil separator must be highly efficient. 




i 



«» the success of the heater depends upon it, After passing 
ajuund the separator baffle, the steam flows around and in 
^Ktmcn the trays and comes in direct contact with the water, 
^ «Mdl it imparts its heat. From the last tray the water 
^^ Mm the settling chamber, which has a perforated false 
I bt carrying a filter bed. The feed pump receives its 
I the space beneath the filter bed. The level of the 
M srttUng chamber is controlled by a copper float 
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which acts through a system of levers on a valve in the cold 
water supply pipe. Should this float for any reason fail to act, 
any excess of water can escape from the heater through a sealed 
overflow, which is lower than the level of the exhaust inlet. 

The body of the heater is rectangular in section, and is made 
of cast-iron plates reinforced by ribs and bolted together. Cast 
iroo was selected as the material for the heater because it is not 
so susceptible to corrosion as is sheet iron or steel plate. The 
fittings are made of copper and brass. 

After passing around the sepa- 
rator baflie the exhaust steam has 
two paths open to it, namely, one 
into the heater, which will take 
only as much of the steam as is 
required to heat the water, and 
one through the outlet, or stack, 
at the top of the separator, 
through which the remainder of 
the steam must pass. The open- 
ing into the heater is controlled 
by a special semi-rotary cut-out 
valve (see Fig. 104). When this 
valve is open it occupies such a 
position that the heater has the Fic. 104.' „ 

"preference'' for the steam; that is, in its open position the valve 
diverts a portion of the steam from the top opening and directs it 
into the heater, although at the same time any surplus steam can 
readily escape through the stack outlet. In its closed position the 
valve is held firmly to its seat by the pressure of the exhaust steam, 
as well as by the spring which holds the valve in position through- 
out its travel. When closed this spring-loaded valve acts as a 
relief for any pressure that may accumulate within the heater, 
as from the discharge or leakage from hve-steam traps or other- 
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wise. The trap attached to the heater receives the drips from 
the separator, and also takes care of the overflow from the 
heater. In order that the steam may not pass from the separator 
through the drip pipe and the trap into the heater when the 
cut-out valve is closed, a second semi-rotarj' cut-out valve is 
provided to close the opening between the heater overflow and. 
the trap (see Fig. 104). Both the valves must be closed when 
the heater is cut out of service for cleaning or inspection, and ia 
order to insure that both will open and close together, and to 
render their operation more convenient, there is a combined 
valve gear consisting of cranks on each valve spindle, and a rod 
connecting them, so arranged that the movement of the at- 
tached handle opens or closes the two valves simultaneously. 
On small heaters this plain crank- and -connecting-rod arrange- 
ment answers all requirements satisfactorily, but with large 
heaters it has been found better to arrange the gear so that the 
lower valve will be opened first and closed last. 

The purifying action of the Cochrane heater is explained as 
follows : 

When water is heated its power of dissolving gases decreases, 
and if heated up to 212° F under atmospheric pressure only, u 
in the Cochrane heater, all gases become entirel>' insoluble. If 
the water is heated in small particles, the expulsion of the gas 
takes place immediately, while if it is heated in a large body, 
time is required for the small bubbles to coalesce and reach the 
surface of the water. Inasmuch as a temperature of from jio' 
to 212° F is always maintained in a Cochrane heater supplied 
with suiBcient exhaust steam to heat the water, the release 
the gas is nearly complete. 

The benefit derived from driving out the gases held in boib 
feed water is two fold. In the first place, it has been shomtf 
chemical experiment that the presence of air is essential to lb 
corrosion of iron and steel by water. If the air is comply 
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eliminated such corrosion is stopped. Air may be present in 
large quantities in water otherwise apparently pure, which may 
explain cases of corrosion by distilled water from surface con- 
densers, heating systems, etc. 

The second benefit derived from driving gases from feed water 
is that carbonic acid gas is expelled, including both that dis- 
solved in the water and that combined in the bicarbonates of 
lime and magnesia, to which is due the condition known as 
"temporary' hardness" and which constitute the larger part 
of the scale-forming matter in most natural water supplies. 
When the carbonic acid gas is driven off, these carbonates are 
converted into monocarbonates, which are insoluble, and which, 
it the water be permitted to stand sufficiently long, or be passed 
through a good filter, are precipitated and removed. It is 
claimed that enough of the carbonic acid gas can be driven off 
in the Cochrane heater to effect sufficient precipitation of car- 
bonates to prevent trouble from them in the boiler. It will be 
seen from Fig. 103, that the settling chamber is of sufficient capac- 
ity for the removal of precipitated carbonates and also for the 
removal of sand, silt and other solid impurities carried by the 
water, and provision is made for the insertion of a filter of suit- 
able material. This filter lies in the bottom of the heater and 
may be removed through the cleaning doors. 

124. Ecoaomizers. — In order to save some of the heat that 
is carried away through the smoke pipe of a boiler and utilize 
it in heating the feed water, different forms of economizers have 
been devised. They consist of a series of pipes placed between 
the boiler and smoke pipe and then passing the feed water 
through them. It is difficult to keep them clear of soot and 
dirt, and if made too large they interfere with the draft. 

The most successful of the economizers is that of Green, in 
which several sets of vertical tubes connected by manifolds are 
placed in a chamber between the boiler and smoke pipe. The 
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piston overcomes the resistance to the passage of the water 
through the valves and feed pipe and forces the entry of the 
water into the same boiler from which the pump gets its steam- 
It is the usual practice to make the steam piston of a feed pump 
from two to three times the area of the water piston. 

The air chamber supplied to pumps is for the purpose of 
equalizing the pressure in the discharge pipe. The discharge of 
water from the pump is not regular, as its velocity changes at 
each reversal of the stroke, and hence there is a variation in 
pressure, which would cause shock to the pipes and pump were 
it not for the entrapped air in the top of the chamber acting as 
a cushion to keep the pressure uniform. 

There are a number of types of feed pumps in general use, 
diflfering from each other principally in the expedients employed 
in operating the steam end of the pump, the operation of the 
water ends being practically the same in all. The difficulty 
with the ordinary type of steam pump is that it has no crank, 
like that of the steam engine, to convert its reciprocating motion 
into one of rotation, such as would permit the use of an eccentric 
to operate its valve, and it is this difficulty which has led to the 
employment of the ingenious valve-operating devices, each one 
of which marks the distinctive feature of the pimip employing 
it. It is absolutely essential that a feed pump should be reliable 
in its action in order that the water in the boiler may be kept as 
nearly as possible at a constant level, the pump being designed 
when running at moderate speed, to supply feed to keep pace 
with the maximimi rate of evaporation in the boiler. The 
working parts of a feed pimip should be as few as possible and 
simple in action, and the one is to be preferred that furnishes 
the most positive action in admitting and exhausting steam to 
and from the cylinder, with the least liability of derangement of 
the device actuating the steam valve. 
A few examples of the successful pumps in use will be given. 
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136. The Enoiries Pon^. — A longitudinal section thiou^ 
the steam and water ends of a Knowles angle direct-acting 
steam pimip is shown in Fig. 105. Steam is supplied to the 
pump through a pipe at s. A chest piston p is driven back 
and forth l^ the pressure of the steam, carrying with it the main 
valve V which controls the admission of steam into the cylinder 
to drive the piston P, and thus operate the pump. The main 




Fig. ioj. 



valve u is a plain slide valve of the B form, working on a flat 
seat. 

The rod A of the chest piston has an arm B clamped on it, and 
this arm is connected to the curved rocker bar C by means of 
the link D. The main piston rod carries a tappet arm E, on the 
lower end of which is a stud carrying a friction roller. As the 
main piston moves back and forth the friction roller comes in 
contact with the ends of the curved rocker bar at the termina- 
tion of each stroke, and in doing so raises the bar sli^tly, thus 
giving to the chest piston a small motion of rotation. On the 
ximltT itide of each end of the chest piston is a small pott a (shown 
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in part section at the right end), and four corresponding small 
ports b, b' and c, c' lead from the chest piston cylinder, the 
former to the steam chest and the latter to the exhaust. In the 
position shown in the figure, the main piston has reached the end 
of its stroke to the left and the friction roller is raising the left 
end of the rocker bar, the consequent movement of rotation 
of the chest piston brmging the port a m connection with b, 
thus admitting steam into the right end of the valve chest piston, 
driving that piston to the left, carrying the main valve with it 
50 as to open the right end of the main cylinder to the exhaust 
and open the left end to steam in order that the main piston may 
be driven on its stroke to the right. The same motion of rota- 
tion that brought port a in connection with steam port b simul- 
taneously brought port a' (not shown) in the left end of the 
chest piston in connection with exhaust port c' so as to exhaust 
from the left end of the chest-piston cylinder the steam that was 
used on the preceding stroke; but before this steam is entirely 
exhausted the port c' is closed by the chest piston's movement 
to the left, entrapping some of the steam to act as a cushion 
m preventing the chest piston from striking the head of its 
cylinder. On the arrival of the main piston at the end of its 
stroke to the right the friction roller will have come in contact 
with and raised slightly the right end of the rocker bar, thus 
giving to the chest piston a movement of rotation in a direction 
opposite to that in the first instance, and the operations Just 
described will take place at the other end. Should the steam 
pressure from any cause fail to move the chest piston, the upper 
end of the tappet arm will come in contact with the tappets F, 
f (F' is partially concealed by arm B) and move it mechanically. 
It will be observed that when the movement of rotation is 
given to the chest piston by the outside mechanism, the opening 
of the port for the admission of steam to one end of the main 
cylinder and the opening of the port to exhaust at the other end 
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immediately follows, thus making the action of the pun^> pasir 

m06m 

The water piston P' has for its rod a prolongation of the rod 
of the steam piston P. On the stroke of the piston from left to 
ijgiht a partial vacuimi is formed in the left end of the water 
iyUnder. causing the suction valve F to lift and water to flow into 
the cylinder through K from the source of supply. On the 
return stroke of the piston this water, is forced out of the cylinder 
through the port W, on top of and closing the valve F, up through 
the delivery valve V into the air chamber R, and thence to the 
delivery pipe. A similar action takes place at the other end for 
the stroke of the piston from right to left and return. 

ia7. The Blake Pump. — The illustrations of Fig. xo6 repre- 
sent the steam end of the Blake pimip as arranged for boiler 
feed and pressure pumps. The valve movement, without any 
r^ard to the gear by which it is accomplished, will first be con- 
sidered in the manner authorized by the makers. 

The main valve, whfch controls the admission and exhaust 
of steam from the main cylinder, is carried by the auxiliary piston, 
and moves on the back of the movable seat. This movable seat 
is shown in Fig. 4 in perspective, and the passages AyB,C serve 
as steam ports to the main cylinder; while the lugs GG' control 
the admission of steam to the auxiliary cylinder and the holes 
HH^ control the exhaust from that cylinder. 

With the valves in the position shown, the course of the steam 
is through live-steam passage N, through the port C to the 
right-hand end of the main cylinder, thus forcing the piston over 
to the left. Now, when the piston nearly reaches the left end 
of the cylinder the movable seat, by a means described later, 
is shifted over to the left, so that the lug G covers the port £, 
while the lug C moves off from the port E\ thus admitting steam 
behind the auxiliarj- piston, at the left-hand side. At the same 
time the exhaust port K of the auxiliary cylinder is put into 
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nummication with the hole S which leads to the exhaust. 
le auxiliarj- piston is therefore forced over to the right, and 
icovers the port A to live steam. Near the right-hand end of 
t stroke the operation is reversed. That is, the movable seat, 




ich is then at the left, is moved over to the right, assuming 
■ position shown in Fig. i. The lug G then uncovers the 
■t E, while £' is covered by C. This admits live steam to 
: right of the auxiliary piston. At the same time, the hole £ 
the auxiliary valve or movable seat places K' and 5 in com- 
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munication, thus exhausting the steam from the left of the 
auxiliary piston. This drives the auxiliary piston over to the left, 
until it assumes the position shown in Fig. i. 

The auxiliary piston is cushioned on steam, because the exhaust 
port is not out at the end of the auxiliary cylinder and conse- 
quently there is steam imprisoned when the piston covers the 
exhaust, as shown at the left in Fig. a. The main piston is 
cushioned on live steam, because the valve has lead; that is, the 
operation of admitting steam is performed before the piston 
reaches the end of its stroke. 

It will be seen that if means are provided to shift the movable 
seat from one end of its travel to the other, the rest of the oper- 
- ation is automatic. Fig, i shows the valve gear provided for 
this operation. The piston rod is provided with a crosshead. the 
latter having a pin as shown. The frame of the pump is built 
with an upright piece, U , to which is pivoted at P a lever whose 
lower end is slotted and engages with the crosshead. The valve 
rod, which is secured to the movable seat, is provided with two 
collars as shown. These collars are made of split nuts which 
work on a thread cut on the valve rod for a short distance on 
each side of their ordinary positions. Between these two coliars 
is a tappet, which is free to shde on the valve rod. The link 
shown connects the tappet with the lever. When the piston 
rod moves, the lever rotates about P, carrying the tappet with 
it; and when the tappet strikes either collar it moves the mov- 
able seat in the direction in which the tappet is moving. By 
placing the collars so that the tappet strikes them before the 
piston reaches the end of its stroke, the movable seat will be 
shifted in the required manner. 

No valve adjustment is required to be made inside the steam 
chest, and the only adjustment which can be performed is that 
of altering the distance between the collars, thus changing the 
travel of the valve. This is done by loosening the set screws in 
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the collars, and rotating the latter until they come to the required 
point. Changing the distance between the collars alters the 
length of the stroke. This is easily seen, because the action 
of the tappet in striking the collars is what admits and exhausts 
the steam; and if the distance which the tappet has to travel 
is varied, the time at which the valve is actuated is varied, and 
the stroke varies as well. 

The adjustment of these coUars is very simple, and can be per- 
formed white the pump is running. In adjusting them it is de- 
sirable to make the stroke as long as possible and secure enough 
cushioning, for the shorter the stroke the greater the amount of 
the clearance, and the steam required to till the clearance is 
wasted on every stroke. 

If the collars on the valve rod are not set at equal distances 
from the center line of the lever when the latter is vertical, the 
movable seat will be reversed sooner on one stroke than on the 
other, and consequently the piston will travel further in one 
direction than in the other. 

128. The Worthington Duplex Pump. — A duplex pump is 
one in which two single pumps of similar construction are placed 
side by side, the slide valve of each steam cyUnder receiving its 
motion by means of a lever which is rocked by the piston rod 
of the adjacent cylinder; that is, the steam piston of one cylinder, 
instead of operating its own steam valve as in the single pump, 
operates the valve of the adjacent cylinder. Thus, one piston, 
after finishing its own stroke, wails for its steam valve to be 
acted upon by the rod of the other piston before it can renew its 
motion. This pause allows the water valve to seat quietly and 
_ obviates harshness of motion. As one or the other of the steam 
i is always open, there is no dead point, and therefore the 

mp is always ready' to start when steam is admitted. 

e duplex pump, the invention of Henry R, Worthington, is 
wn in longitudinal section in Fig. 107. The simplicity of the 
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> is apparent. The movement of the steam valve B. which 
is of the ordinary ZJ-slide type, is controlled by arm C, which 
receives its vibrating motion from the piston rod of the adjacent 
cylinder. Since the arm C swings through the whole length of 
the stroke the parts actuating the valve are always in contact, 
thus avoiding the blow inseparable from the tappet system of 
other pumps. The suction and discharge action of the water 
piston 'A is the same as that of other pumps. The perspective 
view of the pump, Fig. 108, shows clearly how the vibrating 
motion given to the arm C by the piston rod of one pump oper- 
ate the steam valve of the other pump. 




^^^f^. The Compound Pump, — In the simple direct-acting 
■ steam pump the piston is acted on by the full steam pressure 
during its entire stroke, there being no cut-off to utilize the ex- 
pansive force of the steam. It is, therefore, a machine that is 
very extravagant in the consumption of steam, and to overcome 
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this waste many of the larger pumps have their steam ends made 
in theform of the tandem-compound and triple-expansion engines. 
The voliune of steam used at each stroke is equal to the volume 
of the high-pressure cylinder, and as this steam finally occupies 
the low-pressure cylinder the number of expansions is the volu- 
metric ratio between the high-pressure and low-pressure cylinders. 

A longitudinal section of a Blake &Kiiowles tandem-compound- 
duplex pump is shown in Fig. 109. It is seen that the valve 
mechanism is similar to that of the Worthington duplex pump 
of Art. 128. 

130. The Centrifugal Pump. — The action of a centrifugal 
pump depends upon the pressure produced by the centrifugal 
force of a rotating mass of water. The revolving part of the 
pump, known as the impeller, consists of a wheel resembling a 
fan, on the hub of which are mounted vanes or arms, the whole 
being mounted on a shaft and inclosed in a chamber of variable 
section area, being largest in section at the point at which the 
water is discharged. When the wheel revolves the vanes pro- 
duce a partial vacuum in the chamber, followed by an inrush of 
water through the suction orifice about the hub and filling the 
spaces between the vanes. The revolving vanes pick up this 
water, and, with a rapidly accelerated motion, cause it to flow 
outward radially between them, until, at the outer circumference, 
it has absorbed the power transmitted to the shaft by its acquired 
velocity and pressure, and is then discharged. The vanes may 
be straight or curved, and vary in number from six to eight. 

Impellers are of two general forms, known as open and closed 
types. The former consists of radial vanes attached to a central 
hub and disk and open at the sides, the whole revolving between 
two fixed side plates of the pump, while in the latter the vanes 
form, with two circular disks, closed passages extending from 
the inlet opening at the hub to the outlet openings to the inclos- 
ing casing at the periphery of the impeller. 
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Centrifugal pumps may be driven by a belt from a steam 
engine, or may be driven by a direct connection to a turbine or 
other motor. They are very efficient when not pumping against 
excessive lifts, and with a free and uniform supply of water to 
the inner ends of all the vanes the discharge will be in the nature 
of a continuous and steady stream. 

The advantages claimed for the centrifugal pimip are: 

It has an easy rotary motion, acquired without the assistance 
of valves or other contrivances that consume power in friction; 
it discharges continuously without the aid of an air chamber; 
it is of simple and durable construction and economical in use; 
and it is esi>ecially applicable where the water to be pumped is 
filled with foreign matter, since there are neither valves nor pack- 
ing to be affected by such impurities. 

In connection with the steam engine, centrifugal pumps are 
frequently used to circulate water through the tubes of a sur- 
face condenser, the pump being driven by a directly-connected 
motor or by a belt from a small engine. There is a distinct 
advantage, particularly in marine practice, of having the circu- 
lating pump operated by means entirely independent of the 
engine, inasmuch as the condenser can then be kept cool and 
a vacuum maintained while the engine is at rest, the vacuimi 
enabling the engine to be started easily. 

131. The Alberger Centrifugal Pump. — The Alberger volute 
centrifugal pump, so named from the volute or spiral form of its 
casing, is shown in longitudinal section in Fig. no. The casing 
B, B contains the diffusing space of the pump, and is of gradual 
increasing section area, being largest at the discharge orifice. 
Bolted to the casing are the heads C, C, the head away from the 
source of power containing the suction opening Ay which allows 
the greatest facility for connecting the suction pipe and for 
inspecting the interior of the pump. The impeller is of the 
closed type, and as it revolves at high rotational speed under 
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the action of the motor, the water enters the suction orifice A, 
is then drawn into the impeller through the openings D, D and 
thence, by centrifugal force, it is thrown with pressure and high 
velocity into the diffusing space of the casing. The velocity 
energy of this water must be transformed into pressure before 
discharge into the feed pipe, and the accomplishment of this is 




the function of the volute casing. The change from velocity 
to pressure is effected during the passage of the water through 
the diffusion ring of the casing, the velocity decreasing and trans- 
forming to pressure as the section area of the diffusing ring 
increases. With a proper design of the diffusion space and 
volute ring it is possible to transform practically the whole of the 
velocity into pressure. 

The passage from the suction to the inlet opening D to the 
impeller is ingeniously worked in the head so that the bearing 



k. 




CONDE^fSERS. FEED-WATER HEATERS. PUMPS 211 

is brought close to the pump, and at the same time the passage 
is so proportioned that the water is directed uniformly to every 
inlet passage of the impeller. The discharge pipe of the pump 
is bolted to the flanged end of the volute casing. 

132. The Centrifugal Feed Pump. — The use of motor-driven 
centrifugal pumps for boiler-feeding purposes is becoming ex- 
tended. They require less space and less cost of maintenance 
liian the reciprocating pump, as there are no valves to give out 




nor plungers to wear. The nearly constant speed at which 
they run insures a steady and even delivery, avoiding shocks in 
the feed piping. They may be made to deliver against the 
highest boiler pressures without undue impeller rotational speed 
by means of the multi-stage system; that is, by using two, 
three, or more impellers instead of one. In such an arrange- 
ment the additional impellers and diffusion rings are placed 
between the heads in a construction such as that shown in Figs. 
Ill and III, which represent a two-stage Alberger turbine pump, 
so named from the resemblance of its interior construction to 
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that of water turbines. Like the single-stage pump, the water 
enters the first impeller from the suction A. After being dis- 
charged from the first impeller, the water has nearly all its 
velocity transformed into 
pressure while passing 
through the diffusing apace, 
the series of diffusing vanes, 
B, B ... (see Fig. m) 
assisting in the transforma- 
tion by dividing the swiftly- 
moving current into parts 
bcforeentering the diffusion 
ring, so that at its entrance 
through the passage C into 
Ihe inlet D of the secon(L| 
impeller the velocity of the 
water is very low and its 
pressure much increased. 
After passing through the second impeller and its diffusing space 
the water undergoes a similar transformation and is discharged 
at £ at a still further augmented pressure. In this manner the 
pressure of discharge to the feed pipe is increased as the number 
of stages of the pump is increased. These Alberger pumps are 
driven by a specially designed steam turbine. 

1J3. Injectors. — The injector is a boiler-feeding device ex- 
clusively used on locomotives and extensively used in connection 
with stationarj' boilers. It is very efficient as a boiler feeder, as 
nearly all the heat of the steam used in its operation is imparted 
to the feed water and carried back into the boiler. The capacity 
of an injector decreases as the lift and temperature of the feed 
water increases, its greatest capacity obtaining with cold water 
and a lift not exceeding 8 feel. 

The general principle governing the action of an injector is 
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that of bringing a jet of steam in contact with a relatively 
smaller jet of water, the steam, in condensing, imparting its 
high velocity to the water, and in mingling with it forms a con- 
tinuous jet of water of such high velocity as to overcome the 
pressure in the boiler. 




Of the injectors at present in use the improved self-acting one 
made by Wm. Sellers & Co. is tjpical and as efficient as any. 
Jt is shown in standard form in Fig. iij, and in longitudinal 
section in Fig. 114. It is simple in construction and has few 
operatiog parts. Its operation b as follows: 

Assume the starting lever A to be at its extreme throw to the 
ri^t, the plug B on the end of the spindle C entering and clos- 
ing the steam nozzle D and the valve £ on the spindle closing 
the diagonal holes F leading into the lifting nozzle G. Draw 
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the starting lever about an inch to the left. This will not 
entirely withdraw the plug B from the steam nozzle D, but will 
cause the valve E to uncover the holes F for the admission of 
steam from the pipe II into the nozzle G. Tliis steam discharges 
into the combining tube A", thence through the openings a. b, c 
into the chamber L, lifting the overflow valve M and escaping 
through the waste pipe N. In passing between the nozzles D 
^ and G the steam creates a ^■acuum in the space 0, causing water 




to rise from the supplj- through the pipe P. When water is 
lifting, the starting lever is drawn to the left, releasing the 
plug B from the steam nozzle and admitting the full supply of 
steam through D into the combining tube A'. This steam, com- 
ing in contact with the water entering A", combines with it in 
condensing and imparts to it so much of its velocity as to cause 
it to enter the boiler through the check valve R. Should the 
steam or water be temporarily interrupted for any cause, the 
injector will automatically restart without the assistance of 
the operator. The openings a. b and c are so proportioned as 
to permit sufEcientiy free discharge of both steam jets to produce 
a continuous vacuum in the auction pipe P at all steam pressures 
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between 20 pounds and 250 pounds. With the injector oper- 
ating at high steam pressure, a vacuum is produced in the 
overflow chamber i, causing the valve T to open and admit an 
additional supply of water, which enters the combining tube 
through the openings a, 6, c, and is forced into the boiler. By 
turning the plug valve W by means of the handle U, the feed 
supply may be regulated. Should it be desired to heat the 
supply of water the overflow valve may be held shut by the 
cam V and steam be permitted to blow down the pipe P. 

134. The Duty of a Pump. — The method of rating pxmips is to 
state their capacities in gallons discharged in twenty-four hours. 

The usual method of stating the performance of a pump is 
to express in foot pounds the work it does for each 1,000,000 
B.tu. supplied. This is called the duty of the pump, and its 
value ranges from 60,000,000 to 180,000,000. 

Owing to the escape of water through the valves while they 
are closing, and to piston leakage, a pump discharges from 0.85 to 
0.95 only of its cylinder capacity per stroke, and this is known 
as the coefficient of slip. 

If L denotes the length of stroke in feet, A the net area of 
piston in square feet, W the weight of one cubic foot of the 
water pumped, N the number of discharge strokes per hour, 
C the coefficient of slip, we shall have 

Water discharged per hour = LAWNC pounds. 

If this water is discharged against a pressure head of H feet, 
which is equivalent to raising the water through a height of 
H feet, we shall have 

Work per hour = LA WNCH foot pounds. 

-» T^ ^ 1,000,000 LAW NCH 

Then Duty = -^ jt-j r » 

B.t.u. suppued per hour 

and 
p^ , . _ Useful work performed _ Duty 

Total energy expended 778,000,000 
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Example. — A single-acting pump, 80" X 48'', makes 20 
strokes per minute. Reading of pressure gauge on discharge 
pipe, 200 pounds; reading of vacuum gauge on suction pipe, 
II pounds below atmospheric pressure; height between gauges, 
6 feet; coefficient of slip, 0.95; heat units supplied per hour, 
16,593,000. Find the duty of the pump. 

Solution, — 

^ = Z — \±J^ _= 34.01 square feet. 
144 

Since one pound pressure is equivalent to ^^'^ ^ = 2.307 feet 
of water head, we have 

H = 2.307 (200 + 11) + 6 = 492.78 feet. 

jj^^ 1,000,000 LAW NCH 

B.t.u. supplied per hour 

_ 4 X 34-91 X 62.4 X 20 X 60 X O.Q5 X 492.78 

16.593 X 2 

= 147,300,000 foot pounds. 

PROBLEM 

A double-acting pump, 8" X 12", makes 30 strokes i>er minute. Read- 
ing of pressure gauge, 150 pounds; reading of vacuum gauge, 12 pounds; 
height between gauges, 5 feet; coefficient of slip, 0.92; heat units supplied 
per hour to steam cylinder of pump, 195,200. Find the duty of the pump. 

Ans. 70,000,000 foot pounds. 




CHAPTER rx 

THE INDICATOR AND ITS DIAGRAM. THE PLANIM- 
ETER. CLEARANCE. RATIO OF EXPANSION. 

135. The Steam-engine Indicator. — The steam-engine indi- 
cator is an instrument devised to show primarily the steam 
pressure witliin the cylinder at every point of the stroke. 

It consists essentially of a small steam cylinder containing a 
piston whose vertical movement, when acted upon by the 
pressure of the steam beneath it, is opposed by a spiral spring 
of known tension. The movement of the piston actuates a 
parallel motion consisting of a system of light levers, a point 
in which is constrained to move in a vertical line parallel to the 
motion of the piston. There is also a cylinder, or drum, to 
which a paper is attached and which receives a forward and 
backward motion of rotation on its axis, the one by means of a 
string attached to the crosshead or other part of the engine 
having a motion coincident with that of the engine piston, and 
the other by means of the reaction of a coiled spring attached 
to the base of the drum which is drawn into tension by the 
preceding motion of the drum. 

The parallel point of the parallel motion carries a pencil which 
is made to reproduce the vertical morion of the indicator piston, 
magnified from three to five times by means of the system of 
levers, so it can readily be understood that when the instru- 
ment is in operation and the pencil pressed gently against the 
paper on the drum, the combination of the verrical motion of 
the pencil and the rotating motion of the drum will cause a 
closed diagram to be described, the area of which, it will be 
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shown, represents the effective work done by the steam on oot 
side of the engine piston during one revolution of the en^ne. 

When communication is opened between one end of the engine 
cylinder and the lower end of the indicator cylinder, the vertical 
motion of the indicator piston during the forward rotation of 
the dnun is that due to the pressure of the steam in the engine 
cylinder during the forward stroke of the piston; and during 
the backward rotation of the dnmi it is that due to the pressure 
on the same side of the piston during its return stroke. During 
the forward stroke of the piston the upper boundary of the dia- 
gram is described and its ordinates, measured from the base 
line of no pressure and to the scale of the indicator spring, show 
the varying pressure of the steam on the piston during the 
stroke; and during the return stroke of the pbton the lower 
boundary is described, its ordinates showing the pressures 
opposing the piston. The length of the mean ordinate of the 
upper boundary of the diagram will then represent the mean 
pressure urging the piston forward, and the length of the mean 
ordinate of the lower boundary will represent the mean pressure 
opposing the piston on its return stroke. It is evident that the 
difference in length of these two ordinates, expressed in pounds 
to the scale of the indicator spring, is the mean effective pressure 
on one side of the piston during its forward and return strokes. 
In like manner, when commimication is opened between the 
indicator and the other end of the engine cylinder a similar 
diagram will be described from which the mean effective pressure 
on the other side of the piston during one revolution (two succes- 
sive strokes) may be determined. The mean of these two effec- 
tive pressures is the mean effective pressure in the cylinder 
during one revolution and is a factor in the power of the engine. 

The pistons of the indicators in ordinary use are exactly one- 
half square inch in area and are fitted in the cylinders with great 
nicety, requiring only water packing. The upper side of the 



THE INDICATOR AND ITS DIAGRAM 219 

indicator piston has communication with the atmosphere by 
means of a small hole in the upper part of the cylinder. 

The location of the indicator and the manner of its connection 
with the engine cylinder is governed largely by the construction 
of the engine to which it is to be applied; but wherever its loca- 
tion or the manner of its connection, the principles governing its 
action are always the same. In the case of the ordinary horizon- 
tal engine the usual location is midway in a pipe connecting the 
two ends of the cylinder, a three-way cock, to which the indicator 
is attached, enabling steam from either end of the engine cylinder 
to be admitted to the steam cylinder of the indicator. 

136. Reducing Motion. — An important feature of the indi- 
cator on which the accuracy of the instrument depends equally 
with the parallelism of the motions of the piston and pencil is the 
reducing motion, which provides for the drum cylinder a motion 
that corresponds to the motion of the engine piston in all parts 
of its stroke. 

The forward and backward motion of rotation on its axis of 
the drum cylinder that carries the diagram must be exactly 
coincident with the forward and backward motion of the engine 
piston, and this is obtained by a suitable connection by means 
of a cord and pulley with the engine crosshead, the tension of 
the coiled spring in the drum being sufficient to keep the cord taut 
during the return stroke of the engine piston. 

The length of the diagram desirable, as well as the height, 
depends largely upon the speed of the engine, slow rotational 
si>eeds permitting longer and higher cards. The ordinary length 
is from 3 to 4 inches, so it is obviously necessary that the motion 
of the crosshead be reduced in the ratio 

Length of stroke of engine 
Length of diagram desired" 

This arrangement is effected by a reducing gear peculiar to 
the different makes of indicators, care being taken to avoid long 
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stretches of cord, and that the cord in some part of its course be 
made to travel in a direction parallel to the line of motion of the 
crosshead of the engine, the object being to secure an equal 
motion of the cord at the drum and at the point of its attach- 
ment to the reducing motion. 

137. The Lazy Tongs. — A form of reducing motion especially 
adapted to low*speed engines is a modification of the panto- 
graph, known as the lazy longs. It is shown in Fig. 115, 
consists of a system of levers arranged so as to form a flexible 
frame. The point C pivots in a vertical hole in the crosshead, 



'.^.i^ 




and the point D pivots in a socket in the top of a post, so placed^ 
on the floor near the crosshead guides that point D will be 
directly opposite point C when the ci'osshead is at mid-stroke. 
When the engine is in motion, every point in a line joining C 
and D has a true motion parallel to the path of the crosshead, 
varying in distance from nothing at D to length of stroke at C. 
The hiich strip G is arranged so that it may be shifted to similarly 
located holes in the bars E, E. For each position of strip G, one; 
of its holes will be in line with the points C and D, and in tbift 
hole must be placed the kilch pole F, to which the indicator 
cord is attached. The floor post should be so placed that thlj 
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cord shall lead in a line parallel to the line of motion of the cross- 
head; otherwise a guide pulley will be necessary. 

To adjust the lazy tongs for a definite length of diagram, we 
have the proportion 

DC _ Length of stroke 
DF Length of diagram 
which is true for any distance between the points D and C. 

138. Indicator Springs. -The springs accompanying an in- 
dicator are numbered to correspond to the number of pounds 
pressure per square inch required to cause a vertical movement 
of one inch to the pencil. For example, a spring numbered 80 
would require a steam pressure of 8a pounds per square inch to 
cause a vertical movement of one inch to the pencil. The ten- 
sion of the spring to be used in any case depends upon the height 
of the diagram desired. For example, with a steam pressure of 
160 poimds per square inch per gauge, an 80 spring would give 
a diagram 2 inches in height above the atmospheric line. In 
order, however, to obtain satisfactory diagrams from the modem 
engines of high rotational speed it has been found necessary to 
use springs of high tension to Umit the movement of the piston 
and thus obviate the loss from friction that would result from a 
long and rapid movement. This provision for a small piston 
movement is all the more necessary with the high pressures now 
in use, in order that the pencil movement shall not be so great 
as to occasion vibrations that would cause undulations in the 
lines of the diagram. 

The height of the diagram must be sufficient for practical 
use, and to provide for this the parallel motion is designed to 
give to the pencil a motion of from three to five times that of 
the piston, and it is a matter of importance that the designed 
motion shall not only insure the straight line motion of the 
pencil, but should also maintain the fixed ratio of movement 
between piston and pencil, for otherwise the vertical movement 
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of one inch to the pencil would not correspond in pounds 
pressure to the number on the spring. 

139. The Thompson Indicator. — There are a number of 
steam-engine indicators on the market, each claiming some dis- 
tinctive merit, but of those in general use that of Thompson, 
manufactured by the American Steam Gauge and Valve Manu- 
facturing Co., combines all of the newest and best features of 
the instrument. 

An outside view of this indicator is shown in Fig. 116, A being 
the steam cylinder; B the drum cylinder which carries the paper 
on which the diagram is to 
be traced, the chps C, C 
holding the paper in place; 
D the pulley which leads 
the cord in any desired 
direction to get motion from 
the engine crosshead; E a 
coupling by means of which 
the indicator is connected 
to the engine; and F the 
lever operating the detent 
motion by means of which 
the motion of the drum of 
the paper cylinder may be 
stopped while that of its carriage continues. The system of small 
levers shown at the top of the steam cylinder comprises the paral- 
lel motion which insures a vertical motion to the i>encil point K. 
Figure 1 1 7 shows the indicator in vertical section. The steam 
from the engine cylinder enters at E and acts on the piston P, 
compressing the spiral spring on top of the piston to a. degree 
depending on the steam pressure within the engine cylinder. 
The movement of the piston is transferred to the pencil point 
and there multiplied three times by means of the combination 
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of the levers of the parallel motion. The paper cylinder is 

connected by a cord to the reducing motion, the cord pulling 

the cylinder around on its axis during one stroke of the engine 

piston, the movement of the 

cylinder on its axis in the 

opposite direction during the 

return stroke of the engine 

piston being accomplished 

by the reaction of the coiled 

spring G which the cord had 
drawn in ten- 
sion during 
the first axial 
movement. 
The tension I 
of the coiled 

spring G may be increased or decreased accord- 
ing to the speed of the engine, the idea being 
to give to the spring sufficient tension only to 
keep the cord taut. 

The pencil lever B, Fig. 116, is guided by a 
short connecting hnk pivoted at the top of the 
stationary post of the parallel motion, and its 
connection with the piston rod is made by means 
of a yoke and screw. 

Figure 118 shows the piston, the spring, and 
the piston rod. The piston is grooved for water 
packing and is made as light as is consistent with 
the strength necessary to prevent expansion from 
pressure. The spring is screwed fast to the piston 
at the lower end and to the cap of the cyUnder at 

the upper end. The piston rod is connected to the pencil lever 

by means of the yoke and screw as shown. The springs are 
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made of the finest quality of steel wire and are scaled to a piston 
of one-half square inch area and to provide for a vacuum. The 
capacity of a spring to be used with a piston of one-half square 
inch area may be obtained by multiplying the scale number 
by 2} and subtracting 15 from the product. . For ezanq>le, the 
capacity of a 4o-poimd ^ring is 85 pounds when used with a 
one;-half square inch area piston, but its capacity would be 170 
pounds with a piston of one-quarter square inch area. Springs 
are made to any desired scale, and for pressures up to 600 pounds 
per square inch. 

To avoid the necessity of disconnecting the cord in stqj^ing 
the drum cylinder for each diagram it is desired to take, it is 
only necessary to move the lever F, Fig. 1 16, of the detent motion 
until the drum cylinder releases itself from its carriage, after 
which the lever must be returned to its original position. The 
motion of the dnmi being stopped a paper for a new diagram 
may readily be put on it and its motion renewed by turning the 
drum by means of the milled rim at the top imtil it reSngages 
itself with the carriage. The detent motion is a very important 
feature of the instrument, for the diagrams for the two ends of 
the cylinder should be taken as nearly simultaneous as possible, 
and in the many cases where it is necessary to take successive 
diagrams the delays resulting from disconnecting and reconnect- 
ing the cord are not only vexatious but impair the accuracy of 
results. 

The reducing motion is shown in Fig. 119. The cord from 
the lower wheel A runs from the lead pulley to the crosshead of 
the engine. The wheel B is geared to wheel A in the ratio of 
3 to I. The cord of wheel B leads to the paper cylinder of the 
indicator, its winding on the disk C projecting from a bushing 
in wheel B being in a direction opposite to that of the winding 
of the cord on wheel A . The wheel B makes but one revolution 
while the wheel A makes three, thus reducing the velocity of the 
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i-and-forth movement of the paper cylinder. Disks are 
made of different diameters for the bushing of wheel B in order 
to get the length of diagram desired. Within the wheel B is a 
coiled spring which is drawn in tension during one stroke, its 
reaction keeping the cords taut during the return stroke. 




To avoid the injurious eflects of high temperatures upon the 
springs, the Thompson indicator is made in the form shown in 
Fig. 120, the spring being outside the steam cylinder and out ol 
contact with the steam; in aU other respects this form of the 
indicator is the same as the inside spring type. 

The outside spring type of indicator is specially adapted to 
gas engine practice where the temperature runs very high, and 
ti> steam engines using superheated steam. 

140. Information from the Indicator Diagram. - - The proper 
interpretation of indicator diagrams reveals so many facts that 
are essentially necessary to secure an economical and efficient 
performance of a steam engine that a careful study leading to a 
complete understanding of them is a matter of the greatest 
importance. 

The principal value of the indicator diagram is that it furnishes 
the means. of ascertaining the mean effective pressure exerted 
on the engine piston throughout a revolution, thus furnishing 
the factor which permits the power of the engine to be deter- 
mined; but an inspection of the diagram reveals information 
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concerning the engine's design and performance, of which 
following are the most important: 

I. Whether the valves are properly set; whether the adi 
sion of steam is early or late; whether the initial pressur 




unduly lower than the boiler pressure, and the degree to wl 
it is maintained up to the point of cut-off. 

2. The point of the stroke at which the admission of st> 
to the cylinder is cut off, and whether the cut-off is shar] 
gradual. 

3. The point of the stroke at which release takes place, 
the pressure of the steam at that instant. 
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4. The amount of back pressure opposed to the exhaust, tfael 
point of the stroke at which the exhaust b dosed, and the amount! 
of oimpression at the end of the stroke. 

5. Whether the steam ports are of adequate size, and whethei 
the valve or the piston leaks. 

6. The approximate amount of steam consumed in a given time, 
and a number of vital features concerning thebalanceof the engine. 

141. Taking the Indicator Diagram. — When about to lake 
a diagram the indicator should be warmed and the pipes blovm 
through by alternately connecting the indicator with the two 
ends of the engine cylinder by means of the three*wa\- cock. . 
Tbeo, the length of the drum cord being adjusted so that the | 
drum does not bring up against the stops, it b connected with I 
the reducing motion, and if the pencil (lead or metallic) be I 
diaipened to a lmel>' rounded point, e\er>thing is in readiness ] 
to take the diagram. 

Closing the three-way cock to both ends of the engine cylinder, 1 
a small hole in the cock then admits the pressure of the atmo^ I 
[diere under the indicator piston, thus placing the pbton in a I 
slate of equilibrium with respect to the atmosphere. The I 
atmospheric line AA'. Fig. 121, must then be traced by applying I 
the pencil gently to the paper on the moving drum. 

II the cock now be turned so as to admit steam from one end^ 
if the engine cjlinder to the indicator cylmder, and the pencil 
lie pressed against the paper during one re\-olution of the engine, 
adiagram approaching CDFGHI. Fig. 121, will be traced. The 
lines of this diagram and certain of its points have distinctive 
names in the language of the indicator. 

Immediately' upon the admission of steam into the indicator 
cjlinder the admission line CD is traced, its height above the 
atmospheric line, measured to the scale of the indicator spring, 
showing the initial gauge pressure of the steam admitted to the j 
engine cyb'nder. 
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The engine piston starting on its stroke, the steam line DP is 
traced during the time steam is being admitted into the engine 
cylinder. 

At the point of cut-oflf, F, the valve doses, preventing any 
further admission of steam into the cylinder. The exact point 
of cut-oflf, when eflfected by a slide valve, is difficult to locate, 
owing to the fall of steam pressure due to the gradual closing of 
the port by the valve, shown by the curving of the diagram 
about F, 




Fig. 121. 

The expansion curve FG rci)rescnts the fall in pressure of the 
steam confined in the cylinder after cut-off in forcing the piston 
to the end of the stroke. 

At (7, the point of release, the valve opens to the exhaust, 
releasing the steam from the cylinder. The higher the rotational 
speed of the engine the earlier the steam must be released to 
enable its pressure to fall to that of the back pressure before the 
piston commences its return stroke. 

The exhaust line Gil is traced in the interval between release 
and the end of the stroke, the pressure falHng rapidly to that of 
the back pressure opposed to the exhaust. 

In order that the exhaust steam may flow from the cylinder 
of a condensing engine to the condenser, or into the atmosphere 
from the cylinder of a non-condensing engine, the actual back 
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pressure must be greater than the pressure in the condenser m 
the one case or greater than the atmospheric pressure in the 
other, and this excess of pressure depends largely upon the 
freedom of passage for the exhaust steam from the cylinder to 
the condenser or to the atmosphere. The release of the steam 
at from 88 per cent to 90 per cent of the stroke assists materially 
in the freedom of the exhaust; this is necessary in a condensing 
engine to insure a nearly complete vacuum when the piston 
starts on its return stroke, and with a non-condensing engine it 
enables the exhaust steam to begin its flow into the atmosphere 
before the return stroke commences. 

The back-pressure line HI shows the pressure opposed to the 
piston on its return stroke. In non-condensing engines this line 
is slightly above the atmospheric line, as in Fig. 121, and in 
condensing engines it is below the atmospheric line a distance 
corresponding to the vacuum obtained; but in either case it is 
back pressure. Vacuum is expressed in inches of mercury, and 
since one cubic inch of mercury weighs 0.491 pound, the inches 
of vacuum multiplied by 0.491 will give the pressure equivalent 
to the vacuum. 

At /, the point of exhaust closure, the valve closes the port to 
the exhaust and the compression of the steam entrapped in the 
cylinder begins. 

The compression curve IC represents the rise in pressure of the 
entrapped steam due to its compression into the clearance space 
by the piston. The advancing piston compresses the steam, 
its pressure rising to some point C where the valve opens to 
lead, the pressure rising suddenly to D and a new stroke com- 
mences. 

For the study of the diagram, and for computations involving 
pressures, it is necessary to locate the vacuum line 00\ or line 
of no pressure, from which all pressures must be measured to make 
them absolute. The vacuum line is parallel to the atmospheric 
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line and at a distance below it equal to the pressure of the atmos- 
phere measured to the <scale of the indicator ^ring. The av^- 
age value of the atmospheric pressure is 14.7 pounds. 

Of equal importance to the vacuum line in computations in- 
volving the indicator diagram is the clearance line OB. It is 
perpendicular to the atmospheric line, and at a distance from 
the end of the diagram equal to the same percentage, of the 

■ 

length of the diagram that the volume of the clearance space of 
the cylinder bears to the volume displaced by the piston. 

The diagrams from the two ends of the cylinder should be 
taken simultaneously if two indicators are used, or one immedi- 
ately after the other if only one be used. 

Diagrams taken from engines of proper design and adjustment 
do not differ very materially from the theoretical diagram, but 
it requires careful study and discriminating judgment to make 
proper use of the information presented by them, a fact that may 
be appreciated when it is considered that the only absolute 
information a diagram gives is the varying pressure of the steam 
in the cylinder. 




Fig. 122. 

The full-line diagram of Fig. 122 would indicate a very satis- 
factory performance. The gradual fall in pressure in the steam 
line from a to 6 indicates wire-drawing, the technical name given 
the reduction in pressure due to friction in the passages. Im- 
proper design of the ports may cause this loss to be excessive. 
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The dotted lines illustrate some possible defects of an engine 
which would readily be detected by the indicator. The line cd 
wouJd show that the release was too early, and the line ej that 
it was too late; the inclination of the admission line to the left, 
as at ga, would show the lead to be too great, and its inclination 
to the right, as at In. would show insufficient lead. 

Should a diagram be loojied as in Fig. 123, the area a4c repre- 
sents negative work, and in obtaining the mean pressure from 
such a diagram the lengths of the ordinates included in the loop 
must be subtracted from the total length of those within the 
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eba. A loop like that in Fig. 123 would be occasioned by 
excessive expansion, At the point a. where the expansion curve 
crosses the back-pressure line, it is evident that the pressures on 
both sides of the piston are equal and a cut-olT which would 
occasion an expansion so excessive as to reduce the steam pres- 
sure to a point below the back pressure opposed to the piston 
would be manifestly too early. The theoretical limit of expan- 
sion is such that the terminal pressure should be just equal to 
the back pressure, but practical considerations make it exceed 
this, varj'ing from 24 to 28 pounds absolute in non-condensing 
engines and from 10 to 15 pounds in condensing engines. In 
actual practice a loop in a diagram would very likely indicate 
that the engine was underloaded. 

It has been shown that mechanical work is produced by a 
force working through a distance. In the case of any gas work- 
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ing within a cylinder against a piston, the force will be the mean 
value of the pressure of the gas multiplied by the area of the 
piston, and the distance will be the stroke of the piston. In 
order that the work may be expressed in foot pounds the force 
must be expressed in pounds and the distance in feet. It is 
seen then that the area of an indicator diagram is the measure of 
the work performed on one side of the piston during one revolu- 
tion; for this area is the product of the length of the mean ordi- 
nate of the diagram and the length of the diagram, the first 
factor expressing the mean effective pressure on the piston in 
pounds per square inch and the second factor eiq>ressing the 
length of the stroke in feet. 
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Fig. 124. 

Figures 124 and 125 are diagrams from a non-condensing 
and a condensing engine respectively. 

142. Mean Effective Pressure from the Diagram. — There 
are two methods of obtaining the mean effective pressure from 
the indicator diagram: (a) By the measurement of ordinates. 
(b) By the use of the planimeter. 

143. M.E.P. by the Method of Ordinates. — To obtain the 
mean effective pressure from the indicator diagram by the method 
of ordinates^ erect perpendiculars to the atmospheric line touch- 
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ing the extreme ends of the diagram. Divide the space between 
these perpendiculars into ten equal parts and at the middle 
points between these divisions erect ordinates to the diagram 
perp)endicular to the atmospheric line. The first and last of 
these ordinates will be ^j^ of the length of the diagram from the 
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Fig. 125. 

ends, and the common interval between the ordinates will be 
Y^ of the length of the diagram. One-tenth of the sum of the 
lengths of the ordinates will be the length of the mean ordinate, 
and the length of the mean ordinate multiplied by the scale of 
the indicator spring pves the mean effective pressure on the 
piston throughout the stroke in pounds per square inch. 

The diagrams of Fig. 126 were taken from a high-speed engine 
of the Harrisburg type. The sum of the lengths of the ordinates 




Scale 100 

Fig. 126. 

of the diagrams from the two ends of the cylinder is 3.2 inches 
and 3.25 inches, and the scale of the indicator spring is 100 pounds 
to the inch. Then, for one revolution 

nr r^-n lOO (3-20 + 3.25) , 

M.E.P. = ^^2 ^ ^^ = 32.25 pounds. 

20 
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144. M.E.P. by the Planimeter. — The planimeter is \ 
instrument designed primarily to measure the areas of plane 
figures. Its application to finding the area of an indicator 
diagram, from which the length of the mean ordinate is readily 
obtained, enables the mean effective pressure to be found more 
quickly and accurately than by the method of ordinates. 

The instrument most commonly used is some form of the polar 
planimeter of Amsler, The one illustrated in Fig. 127 is manu- 
factured by Keuffel & Esser. It consists essentially of the pole 
arm AB of fixed length and die tracer arm AC whose length is 




adjustable. At the pole B is a needle point by which the instru- 
ment is attached to the paper, the other end of the [mIc arm 
being pivoted to the shdc S. The tracer arm, whose length may 
be varied by moving it in the slide, has at its outer end the 
tracing point C which is moved over the perimeter of the figure 
to be measured. The carriage of the instrument, of which the 
slide 5 is a part, contains a graduated record wheel and vernier 
whose reading gives the area of the figure measured in units 
depending upon the scale of the figure and the adjustment of 
the arm AC in the slide S. The graduated wheel is flanged at 
one side and on this flange the whole system rides, the only other 
moving part of the instrument touching the paper being the 
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tradng point C In addition to the wheel and vernier the 
carriage contains a graduated disk which records the number of 
revolutions of the wheel. 

As usually made the flange of the record wheel is 0.796 inch 
in diameter, so that its circumference is 0.796 tt = 2.5 inches. 
This circumference is divided into fortieths of an inch, making 
3.5 X 40 = 100 divisions. The divisions are not actuaUy made 
on the circumference of the flange but on the face of the wheel 
itself, the length of each division being the intercepted part of 
the circumference of the wheel made by the radii drawn from 
the extremities of one of the fortieth inch divisions on the cir- 
cumference of the flange. Then the reading of the scale on the 
wheel very properly gives the distance in fortieths of an inch 
passed over by the flange. 

It is e\ndent that for one revolution of the wheel any one point 
on the circumference of the flange will travel a distance of 2.5 
inches. In a mathematical discussion of the theorj' of the planim- 
eter it is shown that the area registered by the instrument is 
equal to the distance passed over by a point in the circumference 
of the flange multiplied by the arm whose length is the distance 
between the pivot end of the arm AB and the tracing point C. 
As the instrument is designed the ann is the distance between 
the points E. E when the measurement is made. If tliis dis- 
tance is 4 inches the area measured for one revolution of the 
wheel will he 2,5 X 4 = 10 square inches. 

145. Operation of the Planimeter. — Bring the lo-square-inch 
mark on the tracer arm AC in coincidence with tlic lixed mark 
on the slide S and clamp the arm in that position by means of 
the milled screw D. The distance between the points E, E will 
then be 4 inches. Anchor the pole B to the paper by means 
of the needle point and weight W, being careful to select the 
point of anchorage so that the flange of the record wheel will not 
run off the paper during the tracing. Place the tracing point 
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C at some chosen starting point on the perimeter of the figure 
to be measured and then bring the zeros of the scale and vernier 
together. Move the tracing point in a clockwise direction over 
the perimeter of the figure until the starting point is reached. 
Suppose then that the scale reading is 52.5, showing that the 

distance passed over in a positive direction was ^ inches. The 

40 

area would then be ^— ^ X 4 = 5.25 square inches. The divisions 

40 

on the scale are divided into groups of ten and numbered con- 
secutively from o to 9 in order to facilitate the reading of results. 
Thus, the reading of the result in the example showed that 5.25 
of the groups had been passed over, hence an area of 5.25 square 
inches. 

If the 15-square-inch mark on the tracer arm be brought into 
coincidence with the mark on the slide the distance between the 
points jE, E will be found to be 6 inches, and if, in this adjust- 
ment, the tracing point be run over the figure of the above 
example the reading of the record wheel will be |^ inch, and the 
area then will be|fX6 = 5.25 square inches, as before. In 
this instance the area cannot be read directly from the scale by 
means of the group divisions, since that applies only when the 
tracer arm is adjusted in the slide at the lo-square-inch mark. 
Engraved also on the tracer arm of the Keuffel & Esser instru- 
ment is a 1 2. 5 -square-inch mark and a i6-square-inch mark. 
If the former is adjusted to the mark on the slide the distance 
between the points £, £ is 5 inches, and with the latter in ad- 
justment the distance is 6.4 inches. Areas may be measured by 
any one of the adjustments as shown, but for small areas the 
lo-square-inch adjustment is most convenient. Should the area 
exceed 10 square inches the record wheel would make more than 
one revolution. In such case the revolutions would be recorded 
on the graduated flat disk, and to the reading of the record 
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Bed should be added 10 square inches for each revolution so 
recorded. 

In the measurement of large areas from figures drawn to scale 
care must be taken in the interpretation of results. The instru- 
ment is designed on the basis of a 2.5-inch movement of the 
record wheel and a 4-inch arm, making 10 square inches for one 
revolution of the wheel. When the tracer arm is adjusted to 
the lo-square-inch mark, the result, as we have seen, is given in 
square inches, if the figure measured be drawn to full scale. If 
the figure be d^a^\^l to any other scale, say. to the scale of 1" = 
10', then 1 square inch of the figure represents 100 square feet, 
and the reading of the record wheel must be multiphed by 100 
to get the area in square feet, the vernier unit then being i square 
foot. If the figure of the example given above had been drawn 
to a scale of i" = 10' the area would have been 5.25 X 100 = 
525 square feet. 

If the tracer arm be adjusted in the slide at the 1 5-square-inch 
mark, the distance between the points E, E being then 6 inches, 
the reading would have to be converted to the basis of the 4-inch 
arm. We found in the measurement of the figure of our example 
that for the 1 5-square-inch adjustment the reading of the record 
wheel was \ % inch. If the figure had been drawn to a scale, say, 
of i" = 2o', then t square inch of the figure would represent 
400 square feet for the lo-square-inch adjustment, and 400 X \ 
= 600 square feet for the 1 s-square-inch adjustment, and the 
area would be I5 X 6 X 600 = 3150 square feet, the vernier 
unit then being 6 square feet. In hke manner the readings for 
other adjustments of the tracer arm and for other scales may 
be interpreted. 

In this explanation of the operation of the planimeter it is 
understood that the jjole B is outside the figure measured. If 
the figure be too large to permit this it may be divided into parts 
and the measurement of each part taken separately. 
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The use of this instrument in connection with indicator dia- 
grams greatly facilitates the finding of the mean effective pres- 
sure. If the tracer arm be so adjusted that the distance between 
the points jE, E is just equal to the length of the diagram, and 
if the zeros then be brought together and the tracing point 
moved over the outline of the diagram, the reading of the record 
wheel will be the length of the mean ordinate of the diagram in 
fortieths of an inch, and the product of this reading and the 
scale of the indicator spring will be the mean effective pressure 
in pounds per square inch on the piston throughout the stroke. 

This will be understood from the fact that the area of the 
diagram is equal to the product of its length and the length of 
its mean ordinate; and since, by the theory of the instrument, 
the area measured is the product of the movement of the record 
wheel and the distance between the points E, £, it follows that 
when the distance EE is equal to the length of the diagram the 
reading of the record wheel must necessarily be the length of 
the mean ordinate in fortieths of an inch. For example, suppose 

X2 8 

the reading of the record wheel to be '^— ^, and the scale of the 

40 

indicator spring to be 50 pounds to the inch. The mean effective 

X2 8 

pressure would then be"^ — X 50 = 41 pounds. 

40 

The smaller instrument illustrated in Fig. 128 has no sliding 
arm and is limited in its radius of action. The record wheel, 
vernier, and recording disk are the same as in the larger instru- 
ment. Its design is based on the lo-square-inch adjustment of 
the larger instrument; that is, the areas are given in square 
inches when the figure measured is drawn to full scale. Should 
the figure be drawn to any other scale, say i" = 10', then i 
square inch of the area would represent 100 square feet, and the 
reading of the record wheel multiplied by 100 would be the 
area in square feet. 



THE INDICATOR AND ITS DIAGRAM 



239 



Despite the fact that this small instrument cannot be ad- 
justed to the length of indicator diagraitis, it is none the less 
bandy and convenient in finding mean pressures. In its oper- 
ation, the pole B is anchored as in the larger instrument, the 
zeros of the record wheel brought together, and the tracing point 
C moved in a clockwise direction over the outline of the diagram. 




The reading of the record wheel gives the area in square inches, 

and this area, divided by the length of the diagram, gives the 

length of the mean ordinate. The product of the length of the 

mean ordinate and the scale of the indicator spring gives 

the mean effective pressure. For example, if the reading were 

2.85 square inches, the length of the diagram 3.8 inches, and the 

scale of the spring 40 pounds to the inch, the mean effective 

2 8z 
pressure would be -^ X 40 = 30 pounds. 

146. The Power of the Engine. - Having found from the 
indicator diagram the mean efrecti\i.' pressure in pounds per 
square inch acting on the engine piston throughout one revolu- 
tion, the product of this pressure and the area of the piston in 
square inches will be the total pressure acting on the piston in 
pounds. If this total pressure be multiplied by the distance 
in feet moved through by the piston in one minute the product 
will be an expression in foot pounds of the work performed by 
the engine in a minute, and this product, divided by 33,000, will 
be the horse-power of the engine. The mean effective pressure 
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having been found from the indicator diagram, 
obtained is called indicaled horse-power, usually denoted by the 
initials I.H.P., and is equal to the useful work delivered by the 
engine and the work expended in overcoming the friction of 
the engine itself. 

The factors in the determination of the indicated horse-power 
of an engine are: 

p, = M.E.P, = mean effective pressure on the piston in 
pounds per square inch, 

X = length of stroke of the piston in feet, 

A = area of piston in square incheSj 

JV = number of revolutions of the engine per minute. 
The product p^ is the effective pressure on the piston in pounds, 
and since there are two strokes of the piston for each revolutioa 
of the engine, the product 2 LN is the speed of the piston in feel 
per minute, so that 

33.000 
Only the net area of the piston must be used in calcjlaling the 
horse-power of an engine. The steam on one side of the piston 
acts only on an area equal to that of the piston diminished by 
the cross-sectional area of the piston rod, so if a denotes the 
area of the cross section of the piston rod, we shall have 

Net area of piston = — *— ^^ = A 

22 

It should be noted that p, and iV are the only variables in the 

2LN 

horse-power formula, so if the constant C = for any 

33,000 

engine be known, we shall have for its horse-power 

I.H.P. = Cp,N. 

In the stage-expansion engine the I.H.P. for each cylinder must 

be obtained and their sum taken as the I.H.P. of the engine. 



J 
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147. Ctearance. — The volume of all the space between the 
piston when at the end of its stroke and the valve face is known 
as the clearance of the engine. Clearance is expressed in terms 
of percentage of the volume proper of the cylinder, that is, of 
the volume displaced by the piston in one stroke. The amount 
of clearance varies in the different types of engines. In engines 
of slow speed and long stroke the variation is from 2 per cent 
to 4 per cent; in engines of high rotational speed and short 
stroke it may be as much as 8 per cent; and in marine engines a 
clearance of 15 per cent is not uncommon. 

Engine builders usually measure the clearance very carefully 
but in the absence of any information on the subject an approxi- 
mation of the clearance of an engine may be determined graph- 
ically from its indicator diagram. Thus, in Fig. 121, select two 
points, b and c, in the compression cur\'e as far apart as possible, 
and through them draw an indefinite line intersecting the vacuum 
line at c. From c lay off cd = 6a, and through d draw OB per- 
pendicular to 00'. Then OB will be the clearance line, and BD 
will represent the volume of the clearance to the same scale that 
AA' represents the volume of the cylinder. This construction, 
as well as the two that follow, assumes the curves of compression 
and expansion to be rectangular hjperbolas, the asymptotes of 
which are the vacuum and clearance lines. The method just 
given depends upon the property of the hyperbola that, if any 
secant line be drawn, the portions of the secant intercepted 
between the cur\'e and its asymptotes are equal. 

The two other constructions are: (a) The line be joining the 
two points selected on the compression curve is a diagonal of a 
rectajigle constructed on the curve, two adjacent sides of which 
are parallel respectively to the vacuum and clearance lines. If 
this rectangle be constructed and the other diagonal drawn and 
prolonged, its intersection with the vacuum line will be the 
e curve, or the point of intersection of the asymptotes; 



center of the ci 
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hence OB perpendicular to 00' is the clearance line, (b) If 
two points, b' and c\ be taken on the expansion curve the con- 
struction is similar. Though these constructions are mathemati- 
cally correct when the curves are hyperbolas, they give results 
by no means reliable when applied to curves of actual diagrams. 
When applied to an actual diagram all three methods should be 
adopted and the mean of the results taken. 

The clearance space at each end of the cylinder must be filled 
with steam for each revolution of the engine, and this steam 
must come from the boiler, or from the steam left in the cylinder 
by the exhaust closure, or from both. Since the piston does not 
traverse the clearance space the clearance steam performs no 
initial work; that is, it does no work during the period of admis- 
sion, but after cut-off its effect is to raise the pressure during 
expansion and thus increase the area of the expansion part of 
the diagram. If there were neither expansion nor compression 
the clearance steam would perform no work at all and would be 
a total loss in the exhaust. On the other hand, if the expansion 
curve were carried down to the back pressure and the compression 
curve carried up to the initial pressure there would be absolutely 
no loss from clearance. Such conditions are never realized in 
practice, therefore there is always a loss from clearance, and this 
loss is greater as the clearance is proportionally large. 

One effect of cusliioning is that it reduces the loss from waste 
of steam in the clearance space, but its most imp)ortant effect 
is that it provides for smooth running of the engine by prevent- 
ing shocks at the end of the stroke. It is especially desirable 
that the diagram of an engine of high rotational speed have its 
compression curve well rounded. 

Clearance in an engine occasions a loss when the consumption 
of steam \>cv unit of power is considered, but there are practical 
considerations which make its existence highly desirable, if not 
necess;iry. The clearance space between the piston and the 



RATIO OF EXPANSION • 243 

cylinder head, when the piston is at the end of its stroke, gives 
space for the variable amount of water which is always present 
in a cylinder and doubtless prevents serious accidents which 
might otherwise occur. 

148. Ratio of Expansion. — The ratio of expansion of the 
steam used in an engine is the quotient derived from dividing the 
final volume of steam found in the cylinder by the initial volume 
admitted. By initial volume is meant the volume of steam ad- 
mitted to the cylinder up to the point of cut-oflF, plus the clear- 
ance volume, and by final volume is meant the volume of the 
cylinder, plus the clearance volume. Denoting the ratio of 
expansion by r, the initial volume by Vi, and the final volume by 

t>2, we shall have ^ 

r = -• 

Clearance has a marked effect on the ratio of expansion and 
should never be neglected. Referring to Fig. 121, the ratio of 

expansion if clearance were neglected would be -p-z^- The 

volume of steam that expands after cut-off at F is DF + BDj BD 

denoting the clearance, and the final volume found in the cylinder 

PO' + PO 
is PCy +P0, The true ratio of expansion is therefore • 

Since the cross-section area of the cylinder is uniform, the 
volume displaced by the piston at any point is directly propor- 
tional to the fractional part of the stroke completed at the point, 
so that the volumes may be represented by their correspond- 
ing fractions of stroke. In like manner, the clearance volume, 
when divided by the cross-section area of the cylinder, will be 
expressed as a fractional part of the stroke. Then, if we denote 
the full stroke of the piston by unity, it may also represent the 
volume displaced by the piston in one stroke, in which case 
the fraction of the stroke denoting the cut-off will represent 
the volume displaced up to the point of cut-off. 
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If we denote the fraction of the stroke completed up to the 
point of cut-off by a, and if c be the fractional part of the stroke 
denoting the clearance, we shall have a + ^ for the initial volume 
and I + c for the final volume. Then, for the ratio of expansion, 

we shall have 

V2 1 + c 
r = - = — — . 

Vi a + c 

The question of expansion in the compound, triple, or any 
other form of stage-expansion engine is not different from that 
in the single-cylinder engine, so far as the total ratio of expansion 
is concerned. As in the simple engine, the total ratio of expan- 
sion is the ratio of the final volume of steam found in the last 
cylinder to the initial volume admitted to the first cylinder. 

That is, r = — , in which v^ is the volume of the L.P. cylinder and 

its clearance and Vi is the initial volume, or volume up to cut-off, 
including clearance, of the H.P. cylinder. 

If, in any stage-expansion engine, we denote the volumetric 
ratio of the L.P. cylinder to the H.P. cylinder by </>, we shall have 

, Volume of L . P. cy linder -f- its clear ance vo l ume 

o ^— • 

Volume of H.P. cylinder -f- its clearance volume 

If fi denotes the ratio of expansion in the H.P. cylinder, c the 
clearance of the H.P. cylinder, and a the fractional part of the 
stroke at which cut-off takes place in the H.P. cylinder, then, as 
in the single-cylinder engine, we shall have 

I +c 



ri = 



a +c, 



It is eWdent that the volume of steam resulting from this expan- 
sion in the H.P. cylinder, that is, the volume of steam occupying 
the H.P. cylinder and its clearance at the end of the stroke, 
must eventually occupy the whole of the L.P. cylinder and its 
clearance, a volume p times as great, it follows that for the total* 
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J of expansion in the stage-expansion engine, we shall have 

Neither the volume of the receiver nor the cut-off in the L.P. 
cylinder has anything to do with the question of the total ratio 
of expansion in stage-expansion engines. The effect of the 
receiver is to make the initial pressure lower in the L.P. cylinder 
than it otherwise would be if the exhaust from the H,P. to the 
L.P. cylinder were direct, and this reduction in pressure is due 
to the drop occasioned by the unrestricted expansion of the 
steam when it enters the receiver space. The receiver only 
plays the part of a large clearance space. 

The low-pressure cut-off will increase the receiver pressure and 
therefore the power of the L.P. cylinder, as has been shown, and 
this increase in receiver pressure increases the back pressure on 
the piston of the next preceding cylinder in the expansion and 
therefore decreases the power of that cylinder. So it is seen 
that the function of the L.P. cut-off is to equalize the power 
between the cylinders and has nothing to do with the total ratio 
of expansion. Whether the steam is or is not cut off in the 
L.P. cylinder, the same weight of steam must find its way into 
that cylinder at each stroke, and if, by means of the cut-off, a 
less space be provided for the reception of the steam, the pressure 
will increase accordingly. The question of expansion in stage- 
expansion engines may be understood better with the aid of an 
example. 

Example. — A non-condensing two-stage-expansion engine has 
a high-pressure cylinder 9 inches in diameter, a low-pressure 
cylinder 17 inches in diameter, and a stroke of 14 inches. The 
clearance of the H.P. cylinder is 5 per cent and that of llie L.P. 
cylinder 3 per cent. The initial absolute steam pressure is 
150 pounds, and the cut-off in the H.P. cylinder is at 0.5 stroke. 
It is required to find the total ratio of expansion. 



1 
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Solution. — The cross-section areas of the H.P. and LJ^. 
cylinders are 63.62 square inches and 226.98 square inches respec- 
tively. 

The H.P. clearance of. 5 per cent is equivalent to the addi- 
tion of 14 X 0.05 =0.7 inch to the stroke. Neglecting com- 
pression and cylinder condensation, we shall have, since the 
cut-off is at 0.5 stroke, 

^^^^^-^^ = 0.2835 cubic feet 
1720 

of steam supplied to the H.P. cylinder per stroke, which is the 
initial volume Vi. 

The L.P. clearance of '3 per cent is equivalent to the addition 
of 14 X 0.03 = 0.42 inch to the stroke. The initial volume Vi 
must eventually occupy the L.P. cylinder and its clearance »♦ 
one end, so that we shall have for the final volume 

^ „ — :22 — 4'^ = 1.894 cubic feet. 
1728 

Therefore r = ^ = ^^ = 6.681. 

vi 0.2835 

To apply the formula r = ^ . — ^, we have, by denoting the 

a + c 

L.P. clearance by k, 

_ Volume L.P. cylinder + its clearance volume 
Volume H.P. cylinder + its clearance volume 

_ Area L.P. cylinder (i + ^) _ (17)^ X 1.03 

" Area H.P. cylinder (i + c) "" (9)* X 1.05 " ^'^" 

Then r = -^'-^ ^\+^'^5) = 6.681. 

0.5 + 0.05 

The sp>ecific volume of steam at 150 pounds pressure is 3.012 
cubic feet, so that in the above example the weight of steam 



0.28^ 



used per stroke was — ^=-^^ = 0.0945 pound. At the conunence- 



3.012 
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ment of the return stroke of the H.P. piston the delivery of this 
steam into the receiver will begin and all of it will have been 
delivered when the return stroke is completed. Its withdrawal 
from the receiver will begin with the commencement of the 
stroke of the L.P. piston and must all be drawn out by the time 
the L.P. cut-oflF takes place. If it were not all drawn out the 
pressure in the receiver would increase as the engine ran until 
no exhaust from the H.P. cylinder could take place; if more 
were drawn out a point would soon be reached at which a vacuiun 
would exist in the receiver. Both these suppositions being 
impossible, it follows that all the steam admitted to the H.P. 
cylinder eventually finds its way to the L.P. cylinder. 

We have found that 0.0945 pound of steam is used per stroke 
and that the ratio of expansion is 6.681. If these figures are 
correct, the calculated volume of steam found in the L.P. cylinder 
and clearance at the end of the stroke should be equal to the 
combined volume of the L.P. cylinder and its clearance. 

For the terminal pressure, p2y in the L.P. cylinder, we have 

p2= = T^ = 22.45 pounds. 
r 6.681 

The specific volume of steam at pressure of 22.45 poimds is 
18.03 cubic feet, and since there is 0.0945 of a pound it will 
occupy 18.03 X 0.0945 = 1.704 cubic feet. Allowing for abbre- 
\dated decimals, this corresponds to the calculated volume of 
the L.P. cylinder and clearance, as it should. 

In the above calculations the effect of compression has been 
neglected, but the only way this could affect the question would 
be to reduce slightly the quantity of steam withdrawn from the 
boiler at each stroke, which may be regarded as virtually in- 
creasing very slightly the ratio of expansion, because a less 
weight of fresh steam would be used each stroke. 

The effect of cylinder condensation has also been neglected, 
but this also would occasion a virtual augmentation of the ratio 
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of expansion, because a smaller weight of steam than that 
delivered to the H.P. cylinder would be found in the L.P. cylinder 
at the end of its stroke. 

PROBLEMS 

1. The ratio of expansion is 3.2727, and the clearance 8 per cent. Find 
the point of cut-off . Ans. 0.25. 

2. The cylinder ratio of a compound engine is 4, the cut-off in the H.P. 
cylinder is at 0.4 stroke, and the clearance of each cylinder is 6 per cent. 
Find the total ratio of expansion. Ans. 9.22. 

3. The diameter of the H.P. cylinder of a triple-expansion engine is 
28 inches and its clearance 15 per cent; the diameter of the L.P cylinder 
18 87 inches and its clearance 12 per cent. If the cut-off in the H.P. cylinder 
is at 0.5 stroke, find the total ratio of expansion. Ans. 16.6. 

4. Diameter of cylinder, 9 inches; stroke, 10 inches; cut-off, 0.28 
stroke; clearance, 6.5 per cent. Initial pressure of steam, 95 pounds per 
square inch absolute, the specific volume of which is 4.65 cubic feet. Find 
the ratio of expansion and the terminal pressure, a.ssuming the steam used 
to be saturated. Prove the accuracy of the results by showing that the 
calculated volume of the steam in the cylinder and clearance at the end of 
the stroke is equal to the combined volume of the cylinder and dearanoe. 
The specific volume of steam at the terminal pressure is 14.04 cubic feet 

Ans. r s 3.087; ft B 28.68. 



CHAPTER X 

EXPANSION OF GASES. MEAN PRESSURE OF AN 

EXPANDING GAS 

149. Adiabatic Expansion. — If a portion of gas expands before 
a weighted piston in a cylinder, both piston and cylinder being 
made of materials that are absolute non-conductors of heat, 
and if the gas neither receives nor parts with heat during the 
expansion, except that due to the external work performed in 
moving the piston, the expansion is called adiabatic (without 
transference). 

During adiabatic expansion the temperature will fall as the 
volume increases and the pressure decreases, because the external 
work can be done only at the expense of the heat energy of the 
gas. 

If, instead of allowing the gas to expand, it were compressed 
by adding weights to the piston, the temperature would rise 
in consequence of the work done on the gas by the piston, and 
in this instance the process would be called adiabatic 
compression. 

The equation of the curve of adiabatic expansion and com- 
pression is of the form PV^ = C, in which K is the ratio of the 
specific heat of the gas at constant pressure to the specific heat 
at constant volume. For air, K = 1.406 and for dry steam, 
K = 1.135. 

150. Isothermal Expansion. — If a portion of gas expands, or 

is compressed, before a piston in a cylinder, receiving during the 

expansion the exact amount of the heat expended in the external 

work of moving the piston in the cylinder, or rejects during the 

249 
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con^ression the heat equivalent to the mechanical energy spent 
upon it during the process, the temperature will remain constant, 
but the pressure will fall owing to the increase in volume, accord- 
ing to Boyle's law. Expansion of this character is caUed isother- 
mal (equal temperature), the expansion curve being a rectangular 
hyperbola, the equation of which is PF ==" C, a constant. 

General Equation for the Expansion of Gases. — In practice 
neither the expansion nor compression of gases is either exactly 
adiabatic or exactly isothermal, the conditions of the actual 
expansion probably being intermediate between the two. It is 
usual and sufficient to express the expansion of gases by a general 
equation of the form pv"^ = C, in which n varies in value from 
I to 1.406. The equations PV^ = C and PV =» C for adiabatic 
and isothermal expansions are but special cases of ^ = C, n 
equaling K in the first case and imity in the second case. In 
these equations it should be remembered that P denotes the 
pressure in pounds per square foot and p the pressure in pounds 
per square inch; both V and v denote volumes in cubic feet. 

151. Mean Pressure of a Working Gas. — With the under- 
standing of work and of the indicator diagram obtained from 
Chapters I and IX, it may now be shown how the mean pressure 
of any gas working within a cylinder may be determined, the 
gas expanding according to any law. 

In Fig. 129 let 

pi = absolute initial pressure in pounds per square inch, 
pi = absolute terminal pressure in pounds per square inch, 
Pi = absolute back pressure in pounds per square inch, 
p^ = mean absolute pressure in pounds per square inch, 
p^ = M.E.P. = mean eflfective pressure = ^» — ^, 
Vi = initial volume of gas admitted to the cylinder, 
Vi = final volume of the gas in the cylinder, 

r = -^ = ratio of expansion of the gas. 

Vl 
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The area of the diagram represents the gross work performed 
by the volume of gas Vi of initial pressure pi in driving a piston 
in a cylinder through a stroke AE against a back pressure pz. 




Fig. 129. 

the volume Vi of pressure pi expanding to the voliune V2 of 
pressure /^. 

If p„, denotes the mean absolute pressure of the gas, then 

Gross work = />«t^, 

, ^ Gross work Area of diagram 
whence pm = = ° 

V2 rvi 

The area of the rectangle ABCF is piVi, and if the equation of 
the expansion curve is pv"" = C, then the expansion area FCDE is 

p dv. But pV" = piVi^^y whence p = 2^-^. 

Substituting this value of p we get 

Expansion area FCDE = / ^^^ — 

/•* dz; r^ dv 

-a = piVi + piVi"" J — 

= piVi + piVi*J V ""dv. 



f' 



r 



whence 
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By integration we get 

Whole area = ^t^ + j^Pi^F ^ t>-»+i 

=M+M" p"^^7_-;^"" ] (3) 

I —ft 

I — ft 
^yi(r^--n) _ »i(ri--fi) .. 

^"" n^(i-n) r(i-n) ^^^ 

and ^, = M.E.P. — pm^ Pi- 

A convenient expression for the expansion area, or for the 
work done during expansion, is deducible from equation (3), 
thus, 

Expansion area FCDE = j>iPi^ n^^ *J" ^ '' 1 

» — I » — I 

» — I » — I 

Equation (4) is the general expression for the value of the mean 
pressure, whatever the value of n. 

If steam be the gas to be considered, there are three cases: 

(i) Adiabatic Expansion of Steam. — The consideration of the 
adiabatic expansion of steam is of use only in theoretical inves- 
tigations, since non-conducting cylinders do not exist in practice. 
The law governing the adiabatic expansion of steam is expressed 
approximately by the equation pv^ = C 

To find the expression for the mean pressiure of steam expand- 
ing adiabatically we substitute ^^- for n in equation (4), thus 

_ ^Cfi-^"- -V) _ p, (r-t - Y) _ ^ (10 - 9^-t) 
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I Saturated Steam Expansion. — When saturated steam 
expands in a c>'lindLT in the performance of work, receiving from 
a jacket or other external source sufficient heat to prevent 
liquefaction, the pressure at all points of the stroke is that due 
to the volume and temperature of saturated steam. According 
to Rankine's experiments the law governing such expansion of 
steam is expressed by the equation pv^^ = C. 

To find the expression for the mean pressure for saturated 
steam expanding in a cylinder we let n = \'^ m equation (4) 
thus 

, hir^^'^^-M) pAf-^-M) P,(n-i6r-^') 
P" r(i-fl) _r_ 

(3) Isothermal Expansion of Steam. ^ When steam expands 
isothermally in a cylinder, receiving from an external source an 
amount of heat equivalent to the external work performed, the 
temperature remains constant. The expansion under such condi- 
tions is expressed by the equation pv = C, which is the equation 
of the rectangular hyperbola referred to its asymptotes as axes. 

The complex thennal actions of steam within the cylinder of 
the steam engine can be conjectured only, but since the temper- 
ature falls with the increase in volume it is certain that the 
expansion is not isothermal. Experience has shown, however, 
that the curve of steam expansion approximates the form of 
pv = C, and no great error can result from so considering it. 
For this reason, and the additional one of the ease of construc- 
tion of the hyperbola, the curve of expansion of the indicator 
diagram is assumed to be hyperbolic, an assumption that greatly 
facilitates calculations concerning the steam engine. 

In the equation pv = C \ie have the general equation pv" = C 
in which « = i. If this value of n be substituted directly in 
equation {4) in an efTort to find an expression for p^, the result 

is -, or indeterminate; but if we evaluate by differentiation' 
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before substituting the value for n^ we get 

^~ r(i-«) J».i d[r{i^n)] i.t 

_ »i(-log.r>r*"*<ffi-<fn) 1 _ fe (i + log, f r^— ) 1 

Substituting now the value of i for n, we get 

^^^(i+log,r)^ 

r 
Or if , in the egression 

— , we let « = I, 

we get 

Whole area = M + mJ ~ = M + M Dog«»]^ 

« ^vi + M Oog.fvi - log,t;i) = M + ^«^log« — 

then M(i+loK,r) ^ />.(i+log,r) . (^ 

fVi r 

With hyperbolic expansion we have pv = ^t^ =» ^Hji, from 
which we have 

^ = ^ = r. 

If ^ be substituted for r in equation (5), we get 
pi 

Pm= p2{l H-lOgef), 

which is frequently a very convenient expression for the mean 
pressure. 

152. Construction of the Equilateral or Rectangular Hyper- 
bola, — Draw the rectangular asymptotes OX and OY, Fig. 130, 
and regard them as the lines of no pressure and no volume re- 
spectively. Let P be a knowTi point of the curve. Through P 
draw PS and PT parallel to and produced to meet OX and OY 
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^SS 



respectively. From 0, the intersection of the asymptotes, draw a 
secant line, cutting PS and PT at A and B respectively. Com- 
plete the rectangle APBP\ 
From the similar triangles OBC and OAD we have 
BC 



AD PD 

•y or 



P'C p / 
or ^ = ^-' 

OD' v' V 



OC OD "■ OC 
whence pv = p'v' = C, the equation of a rectangular hyperbola 
referred to its asymptotes; hence P' is a point of the ciurve. 




Fig. 130. 

Another simple and sometimes very convenient construction 
is as follows: 

Through the known point P of the curve draw any secant 
line, intersecting the asymptotes at V and 7. Then PU = 
VP\ p// being a point of the curve. This follows from the 
property of the hyperbola, that if a secant be drawn the parts 
of it intercepted between the curve and asymptotes are equal. 

153. Comparison of the Isothermal, Saturated, and Adiabatic 
Curves. — Suppose steam of a volume i^i and pressure p\ — 140 
pounds absolute to expand in a cylinder under the limitations 
imposed successively for isothermal, satiurated and adiabatic 
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expansions, the final volume and pressure to become Vt and ^ 
respectively. 

Draw the lines of no pressure OX and of no volume OY of 
Fig. 131, and on OY take OA three and one-half inches in length 




Fig. 131. 



to represent 140 pounds to the scale of 40 pounds to the inch. 
Take AB = OH = Vi and OF = v^. Of course 5 will be a 
point of each of the curves of expansion. 

First construct the rectangular hyperbola BC by the method 
already explained. It will be the curve of isothermal expansion. 

To plot the saturation curve piVii^ » C, we proceed as follows: 
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We have pi = -p: , whence log /^ == log C — U log t^ = log C — 

Viii 

1.0625 logz^i. If the initial volume Vi be denoted by unity we 
shall have C = piVi^^ = pi — 140. Having now a value for C we 
shall have, for any pressure p and volume v, 

C Pi 
P - -Ti = ^, whence logp = \ogpi — 1.0625 logtr* 

Thus, if the volume V\ be denoted by unity the volume V2 must 

OF 
be denoted by the ratio -p-^ = 3.3333 by measurement. Then^ 

(Jtl 

for the terminal pressure Pi of the saturation curve we shall 

have 

\0gp2 = log 140 - 1.0625 log 3.3333, 

whence p2 = 38.956 pounds = ^ '^^ inch = FD. 

40 

The logarithmic computation for p^ is as follows: 

3-3333 log 0.52288 Uog 9.71840 - 10 
1.0625 log 0-02633 

(1.0625 log 3.3333) log 0.55556 Uog 9.74473 - 10 

140 log 2.14613 

p2 = 38.956 log 1.59057 

For the pressure p when the volume is OG we must represent 

OG 
the volimie OG by the ratio -pr^ = 2 by measurement. 

Then log p = log 140 — 1.0625 log 2, 

whence /> = 67.037 = ^' ^' inches = GK. 

40 

Any nimiber of points may thus be determined and the satu- 
ration curve BD be drawn. 
To construct the adiabatic curve piVi s = C we proceed thus: 

We have pi = —rr, whence log pi = log C - ^ log Vi = log C 
— i.iiii log Vi. If we denote the initial volume Vi by unity we 
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get C = p\V^ = pi = 140. Having now a value for C we have, 
for any pressure p and volume v, 

P "^'Jp'=^%.y whence logp = logpi - i.iiii logr. 

If the volume Vi be denoted by unity the volume V2 must be 

OF 
denoted by the ratio -rzz = 3.3333 by measurement. Then, for 

(JH 

the terminal pressure p2 of the adiabatic curve we have 

\0gp2 = log 140 - I.IIII log 3.3333, 

whence p2 = 36.743 pounds = ^ ''^ inch = FE. 

40 

. Tor the pressure p when the volume is OG we represent the 

OG 
volume OG by the ratio -^-tl = 2 by measurement. 

OH 

Then log p = log 140 — i.iiii log 2, 

whence p = 64.81 pounds = — — inches = GL. 

40 

Any number of points may thus be determined and the adiabatic 
curve BE be drawn. 

Figure 131 affords a means of comparing the three expansion 
curves. They represent the expansions, under the respective 
conditions, of an initial volume AB of steam of absolute pressure 
OA = />i to a final volume OF and a final, or terminal, pressure 
p2 = FCy FD, and FE respectively for isothermal, saturated, 
and adiabatic expansion. The three curves always will be rela- 
tively as shown. 

As an example of computing the mean pressure, suppose a 
portion of steam of an absolute pressure of 180 pounds to expand 
to 6 times its volume under the conditions imposed for saturated 
steam. To find the mean pressure, we have 
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180(17--^) 

^"=^ — 6-=n^7-(^) 

= 30 (17 — 14.31) = 80.7 pounds. 

Let X = (6)^^. 

Then log x = -^^ log 6, and Hog x = llog 6 — log 16 

6 log 0.77815 llog 9.89107 — 10 

16 log 1. 20412 

(6)t^^ log 0.04864 llog 8.68695 — 10 
16 log 1. 2041 2 



16 



(6)A 



= 14.31 log 1. 1 5548 



PROBLEMS 

.1. Steam of absolute initial pressure of 88 pounds per square inch 
expands in a cylinder under the conditions, respectively, of isothermal, 
saturated, and adiabatic expansions. The ratio of expansion being 4, it 
is required to find the terminal pressure in each case. 

Ans. 18.86 pounds; 20.177 pounds; 22 pounds. 

2. A portion of steam of absolute initial pressure of 160 poimds per 
square inch expands to four times its initial volume under the conditions 
successively of isothermal, saturated, and adiabatic expansion. Find the 
mean pressure for each case. 

Ans, 95.452 pounds; 93.16 pounds; 91.4 pounds. 



CHAPTER XI 
COMPOUND OR STAGE-EXPANSION ENGINES 

154. General Description. — A stage-expansion engine is one 
so designed that the steam, after entrance into one cylinder and 
there partially expanded in the performance of work, is exhausted 
into a second, third, and not infrequently into a fourth larger 
cylinder for further expansion and work before being finally 
exhausted into a condenser. 

The term stage-expansion is used to avoid the confusion which 
sometimes arises from the use of compound. All stage-expansion 
engines are compound, but by common consent the term com- 
pound is restricted to engines in which the expansion takes place 
in only two cylinders, or in two stages, while the terms triple- 
expansion and quadruple-expansion are applied to engines in 
which the expansion takes place in three and four cylinders 
respectively. The first and last cylinders in the order of the 
expansion are called, respectively, the high-pressure and the 
low-pressure cylinders, any cylinder or cylinders intervening being 
known as intermediate cylinders. 

There has been much discussion concerning the relative merits 
of the simple and stage-expansion types of engines, but the 
results of comparative tests clearly indicate an economical 
advantage of from 10 per cent to 20 per cent in favor of the 
compound system. 

Perhaps the most convincing evidence of the advantage in the 
use of the stage-expansion engine is, that it has almost entirely 
displaced the simple engine for marine purposes, and has come 
largely into use in mill engines, locomotives, and in stationary 
plants where large powers are developed. 

260 
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It has been shown that a given weight of steam in working 
from a higher to a lower pressure is capable of doing a definite 
amount of work, and while the number of cylinders through 
which the expansion takes place can make no increase in this 
theoretical Umit of work, it does make a very material difference 
in the marmer of its performance. 

A prerequisite to the use of the stage-expansion system, and 
the one to which its economy is due, is a high pressure of steam; 
and since the terminal pressure desired is the same, whatever 
the system, the higher the pressure the greater the rate of ex- 
pansion. The attainment of a high rate of expansion in a single 
cylinder would be accompanied with such a wide range of temper- 
ature as to occasion excessive initial condensation and final re- 
evaporation, and the consequent wide variation in pressure 
would lead to very objectionable irregularity of rotational effort 
on the crank-pin and excessive strains on the framing. With a 
stage-expansion engine this high rate of expansion would be 
distributed through two or more cylinders, thus greatly reducing 
the range of temperature and pressure in each, resulting in a 
reduction of condensation and the production of a more uniform 
turning moment. 

There are two classes of stage-expansion engines, known as 
the continuous-expansion and the receiver types. The essential 
difference is that with the continuous-expansion type the cranks 
must be placed with each other or directly opposite each other 
on the shaft while with the receiver engine the cranks may be 
placed at any angle with each other. 

The continuous-expansion engine is one of the two-stage type 
in which the steam enters the low-pressure cylinder as fast as it is 
exhausted from the high-pressure cylinder, a familiar example of 
which is that of the tandem engine where the two pistons are on 
one rod. 

Tlie receiver engine derives its name from the fact that 
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nally it was designed to have an intermediate reservoir to receive 
the steam as it was exhausted from the high-pressure cylinder, 
and in which it remained until the valve opened to admit it into 
the low-pressure cylinder. The size of this receiver equalled 
that of the high-pressure cylinder, and even larger. This separate 
reservoir was found to be unnecessary, inasmuch as the low- 
pressure steam chest, the exhaust pipe from one cylinder to the 
other, and the portion of the high-pressure cylinder jret filled 
with steam when the low-pressure valve opened, were found to 
furnish ample receiver space. 

A type of engine known as the cross compound has the high- 
pressure and low-pressure cylinders placed side by side and the 
cranks set at right angles on the shaft. 

The common form of the compound, or two-stage expansion, 
engine with cranks at right angles is shown in Fig. 132. When 
this form of engine is designed for such large powers as require 
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Fig. 132. Fig. 133. 

a low-pressure cylinder greater than 90 inches in diameter, the 
three-cylinder compound engine with two low-pressure cylinders, 
as shown in Fig. 133, would be adopted. In this case the exces- 
sively large low-pressure cylinder is replaced by two cylinders 
whose combined volume equals that of the large cylinder they 
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rqilace, and notwithstanding the increased space occupied and 
the greater number of parts required with no increase in the 
power developed, this arrangement is very advantageous, as 
the pieces are lighter and more easily made and the increase of 
the number of cranks from two to three enables them to be 
placed at angles of 120° on the shaft, thus insuring reduced 
straining and a steadier motion on the engine. With this engine 
the work may be equally divided between the three cylinders by 
a proper adjustment of the receiver pressure. The receiver 
pressure may be controlled by means of the cut-off in the L.P. 
cjlinder. For example, shortening the L.P. cut-off will increase 
the receiver pressure, and by thus increasing the back pressure 
on the H.P. piston will decrease the power developed in the 
H.P. cylinder; the increased receiver pressure will increase the 
power developed in the L.P. cylinder. Making the L.P, cut-off 
later will occasion opposite results. 

The two-stage compound engine is advantageously employed 
where the pressure varies from 100 pounds to 1 50 pounds absolute. 
With pressures varying from 160 pounds to 280 pounds, the 
triple-expansion type should be adopted, and it is this type 
which is very largely used in the merchant marine and in vessels 
of war. For pressures varj-ing from 275 pounds to 300 pounds, 
the quadruple-expansion type is used. This type has not as 
yet come into general use and its employment is confined to 
small vessels where hghtness of the machinery admits of high 
rotational speeds. 

The common arrangement of the three-cylinder triple-expan- 
sion engine is shown in Fig. 134. The first receiver, R, leads 
from the exhaust of the high-pressure cyfinder to the valve 
chest of the intermediate cylinder, and the second receiver, R', 
coimects the intermediate exhaust with the low-pressure valve 
chest. The cranks are placed at angles of 120° with each other 
and their sequence on the shaft is a matter of dispute, but t 
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order of high, low, intermediate, seems to obtain the greatest 
favor from the fact that such arrangement secures a more uni- 
fonn receiver pressure. 

It is inadNisable to make 
cylinders larger than 90 inches 
in diameter in the interests 
of weight and space, so for 
the large powers required for 
modern marine practice it is 
usually the practice to have 
one H.P, cylinder, one LP. 
fV--^ cylinder, and two L.P. cylin- 
"^ ders for marine triple-expan- 
sion engines, the cranks being 90° apart, the H.P. crank leading, 
followed by the I.P., forward L.P., and after L.P. The power 
in such cases is distributed as foilows: One-third each to the 
H.P. and I.P. cylinders and one-sixth to each L.P, cylinder. 

The most serious inherent defect of the stage-expansion en- 
gine is the loss occasioned by drop. By drop is meant the fall m 
pressure between the terminal pressure in one cylinder and the 
initial pressure in the next succeeding cylinder in the expansion. 
This is occasioned by friction in the exhaust passages and pipes, 
and by the unrestricted expansion in the receiver. While it 
is impossible to avoid entirely the loss from drop, measures should 
be taken to prevent its being e.\cessive. 

The mean pressure obtained in the stage-expansion engine 
with a given rate of expansion is less than would be obtained 
were the expansion all to take place in one cylinder, and this 
difference is due to drop. The steam, when its expansion is 
completed, occupies the low-pressure cylinder only and were 
there no loss from drop the size of this cylinder for a given power 
would be the same as that of a single-cylinder engine working 
with the same pressure and the same ratio of expansion. The 
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aze of the low-pressure cylinder therefore must be made some- 
what larger than would suffice for the single cylinder of a simple 
engine of the same power, and from this it is seen that the high 
and intermediate cylinders add nothing to the power of the 
arrangement and that the low-pressure cylinder is the measure 
of the power. 

^55- Cylinder Ratios of Stage-expansion Engines. — There is 
a lack of agreement among authorities as to the proper volu- 
metric ratios between the cylinders of stage- expansion engines. 
In selecting these ratios it is the aim to equalize the power 
between the cylinders, but this equalization may be effected 
within practical limits by means of the adjustment of the points 
of cut-off and quite independently of the cylinder ratios, though 
an unduly low cylinder ratio with equality of powers may cause 
pronounced inequalities in the initial stresses on the pistons. 
The important consideration of making the weight of the machin- 
ery and the space it occupies as small as possible in vessels of 
war, together with the fact that engines of such vessels are 
seldom worked at their maximum power, make it desirable that 
I their cylinder ratios be made smaller than those of engines of 
' the mercantile marine where the conditions are somewhat 
reversed. 

The proposition has been advanced that, with given initial 
and terminal pressures, percentages of clearance, point of cut-ofi 
in the H.P. cylinder and the pressure at that point, the ratio of 
the net piston areas of the LP. cylinder to the H.P. cylinder 
follows as a consequence. The reasoning employed in estab- 
lishing this proposition is logical and interesting, but as the 
operation is long and tedious, and as it involves several assump- 
tions which can only be justified by a reference to the results of 
successful practice, the question very naturally arises — why not 
( at once select for any particular case the cylinder ratio employed 
I in successful practice? The construction of the theoretical dia- 
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gram and. an investigation of the initial stresses on the pistons 
would then reveal the fact if the selected ratio were improper. 

Successful practice has shown that in the two-stage expansion 
engine, with the initial pressure ranging from 90 to 150 pounds, 
the volxmietric ratio 

Volimie L.P.cylinder + its clearance volume 
Volimie H.P. cylinder + its clearance volume 

varies from 3.25 to 3.75 for stationary engines; from 3.5 to 4.5 
for engines of the mercantile marine; and from 3.5 to 4 for en- 
gines of war vessels. For triple-expansion engines of the mer- 
cantile marine, with pressures ranging from 160 pounds to 275 
pounds, the ratio varies from 8 to 10; and for engines of war 
vessels, the pressure varying from 175 pounds to 300 pounds, 
the ratio varies from 7 to 10. 

Good practice makes the intermediate cylinder of triple-ex- 
pansion engines from 2.5 to 2.8 times the H.P. cylinder, the 

LP 
volumetric ratio =7^ var3dng from 7 to 10. The Navy Bureau 

M.P. 

of Steam Engineering makes the cross-section area of the I.P. 

A \^ jr \( \//? 

cylinder equal to ; , in which A is the cross-section 

I +c 

area of the H.P. cylinder, K the volimie, including clearance, of 
the H.P. cylinder up to cut-off expressed in percentage of the 
stroke volume of the H.P. cylinder, R the total ratio of expan- 
sion, and c the clearance of the I.P. cylinder. 

According to recent practice the cylinder ratio of marine 
quadruple-expansion engines using steam of 270 pounds pressure 
is I : 2.5 : 5 : 10; and for 300 pounds pressure it is i : 3 : 6 : 12. 

156. Mechanical Advantages of Stage-expansion Engines. — 
To illustrate the mechanical advantage of the stage-expansion 
engine in producing a reduction in tjie initial stress on the piston 
and a decrease in the ratio of initial to mean* stress over that 
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produced by the simple-expansion engine, a comparison will be 
made between a simple-expansion engine with two cylinders, 

each having an area '— , and a two-stage compound engine with 

a cylinder ratio of 4, both engines being condensing and de- 
veloping the same power. The area of the L.P. piston of the 

compound engine will then be A and that of the H.P. piston — ' 

4 
Each engine has the same number of working parts, but a 
separate expansion valve would be required on each of the cylin- 
ders of the simple engine to effect a cut-off early enough to 
produce a ratio of expansion of 4. In each case the absolute 
initial pressure will be taken as 95 pounds, and the back pres- 
sure in the condenser as 3 pounds. Clearance is neglected for 
simplicity. 

1. The simple engine with two cylinders: 

Mean pressure in each cyhnder = '^^ '-^ — ^ = 56.68 pounds. 

4 
M.E.P. in each cylinder = 56.68 — 3 = 53.68 pounds. 

Effective initial load on each piston = (95 — 3)— =46*4 pounds. 

Effective mean load on both pistons = 53.68 A pounds, 
■pfc ■ _ Mean effective load expected _ 56.68 .,4 _ 

Mean effective load obtained 56.68^ 

2. The two-cylinder compound engine: 

Suppose the H.P. cut-off to be at 0.5 stroke, making a ratio 
of expansion of 2 in the H.P. cylinder, and a total ratio of expan- 
sion of 2 X 4 =8. 



Mean pressure in H.P. cylinder 




_ 95 fi -Kq.6q3) ^ 



0.47 pounds. 

Assuming the pressure in the receiver to be maintained at 
mds, we must have, for equal power in the cylinders, aa 
r between the pressure multiplied by the volume 1 
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given to the H.P. cylinder and the pressure multiplied by the 
volume given to the L.P. cylinder. Hence 

95 X o.s = 22 X 4 X «, 

whence x = 0.54. 

That is, the steam must be cut off at 0.54 of the stroke in the 
L.P. cylinder in order to maintain the receiver pressure at 
22 pounds. 

Ratio of expansion in L.P. cylinder = = 1.85. 

0.54 

Mean pressure in L.P. cylinder = — ^ ' — ^ » 19.21 pounds. 

1.05 

M.E.P. in L.P. cylinder = 19.21 — 3 « 16.21 pounds. 
M.E.P. in H.P. cylinder = 80.47 — 22 « 5847 pounds. 

Effective initial load on H.P. piston « (95 — 22) — ■■ 18.25 A. 

4 

Effective initial load on L.P. piston »[(22 — 3)il » 19 il. 

Mean effective load on both pistons = 58.47 X — h 16.21 A 
= 30-83.4. 4 

The mean pressure due to the total ratio of eiq>ansion is 

95 (^ + ^-^yp) = 36.56 pounds. 

Mean effective load to be expected = (36.56 — 3) il « 33.56 il. 

EflSciency = ^ ' j ^ = 0.0186. 

33-56^ 

In comparing the results, it is found that the initial load on 
each of the pistons of the simple engine is 46 il pounds, while 
that on the H.P. piston of the compound engine is 18.25 ^ pounds 
and on the L.P. piston igA pounds, showing that the initial 
loads on the pistons of the compound engine are practically equal, 
and that their sum is less than the initial load on either piston 
of the simple engme 
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The ratio of the mean load to the initial load on each piston of 

the simple engine is — TX" ~ ^-S^S* The like ratios for the 
pistons of the compound engine are as follows: 

58.47 X ^ 

On H.P. piston = — 7^ = 0.8. 

^ 18.25 i4 

On L.P. piston = — —z—r = 0.818. 

In consequence of the reduction in the initial and mean loads, 
the various parts of the compound engme whose dhnensions 
depend on these factors may be made lighter than those of the 
simple engine, and the friction on the guides and bearings will be 
less. The ratios of the mean to the initial loads being much 
nearer unity with the compound engme, the turning moment 
is much more uniform and the engine will therefore run more 
steadily. The question of uniform load and steadiness in 
running is one of great importance in marine practice, but with 
stationary engines where the use of a flywheel is permissible 
its importance is lessened. 

The mean effective loads on the pistons of the compound engine 
show the work to be very evenly divided between the cylinders, 
but the total work falls short of that of the simple engine by 
I — 0.9186 = 0.0814, or 8.14 per cent. This loss may be attri- 
buted very largely to the drop between the terminal pressure 
in the H.P. cylinder and the initial pressure in the L.P. cylinder, 
amounting in this case to ^^ — 22 = 25.5 pounds. 

A consideration of the range of temperatures in the cylinders 
shows a very marked advantage in favor of the compound engine. 
The temperature of steam of 95 pounds pressure is 324° and that 
of steam of 3 pounds pressure is 141.5°. The range of temper- 
ature is then 324° — 141.5*^ = 182.5° in each cylinder of the 
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simple engine. The temperature of steam of 2^ pounds pres- 
sure is 233®, therefore 324® — 233° = 91® is the range of tenq)er- 
ature in the H.P. cylinder of the compound engine, and 233** - 
141.5^ B 9^-5^ is the range of temperature in the L.P. cylinder. 
It is thus seen that the range of temperature in each cylinder of 
the compound engine is practicaUy the same, and is but one-half 
that in either cylinder of the simple engine. The advantage of 
such a distribution of temperature is shown in Art. 170, page 299. 



CHAPTER XII 
BOILER EFFICIENCY. CALORIMETRY 

157. Boiler Efficiency. — The performance of a boiler is usu- 
ally expressed in terms of the weight of steam it produces at a 
stated temperature per pound of coal it consumes. As the 
steam is assimied to be generated under atmospheric pressure 
the stated temperature is 212° F, so that the result is expressed 
in pounds of water evaporated from and at 212° per pound of 
coal. 

In estimating the efficiency of a boiler from the basis of coal 
consumption, all heat due to the coal thrown into the furnace 
is charged to the boiler, while it is credited only with the heat 
transferred through the heating surface and used in the gener- 
ation of steam. The ratio of these two quantities expresses the 
efficiency of the boiler. If the two quantities were equal the 
efficiency would be perfect and would be expressed by unity, but 
owing to various causes the actual efficiency varies from 0.65 
to 0.75. For example, if the potential energy of a pound of coal 
be taken as 15,000 thermal units its evaporative power from 
and at 212° would be H§f^ ~ ^5-53 poimds of water; but in 
practice no greater evaporative power than 15.53 X 0.7 = 
10.87 pounds could be expected. If the boiler received its feed 
water at a temperature of 140° and generated the steam at 
200 pounds absolute pressure, the actual evaporation would be 

— '-1 — g pounds, the factor of evaporation being 1.207 (see 
1.207 

page 32, for factor of evaporation). 

TTiere are a number of sources to which the loss in boiler 
efficiency may be attributed. In the first place the losses in 
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the fmnace under the most favorable conditions vaiy from 2.5 to 
4per cenL The coal may be such that portioiis of it fall throu^ 
the grate unconsumed, and frequently the finer pmtions, when 
only partly omsumed, are carried from the furnace by the draft 
and lodged in the tubes and uptakes or carried off through the 
smoke pipe; particularly so is this the case with foroed draft. 
The suiq>ly of air at times may be insufficient for con^ilete 
combustion, resulting in the production of carbonic oxide of a 
thermal value of only 4500 thermal imits per pound, or less 
than one-third that due perfect combustion. Imperfect com- 
bustion produces smoke containing carbon only partly consumed 
tidiich is of course lost through the smoke pipe. 

All the heat which is liberated, in the furnace gases is not by 
any means transmitted through the heating surface to the water 
in the boiler. A small p>art is radiated to the surroun<ling atmos- 
phere, and another and much larger part escapes through the 
smoke pipe. The heat contained in the gases <^s<"<>ping through 
the smoke pipe is the most serious loss of all and is inevitable, as 
its prevention could only be accomplished by reducing the temper- 
ature of the chimney gases to that of the outside air. This of 
course cannot be done, since the temperature of the gases must 
be higher than that of the water in the boiler to prevent a trans- 
ference of heat in the wrong direction. The temperature of the 
ecaping gases will always be considerably higher than that of 
the water in the boiler, for in no instance would sufficient heat- 
surface be given to a boiler to reduce their temperature to 
ai the steam. Aside from this, the natural draft of the 
which is occasioned by the difference in weights between 
of air within and without the smoke pipe, depends 
upon the temperature of the chimney gases and this 
ooDsideration fixes the temperature between the limits 
E mA 6qo^. The utilization of some of the heat of the 
n heating the boiler feed water by the use of 
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economizers reduces the amount of fuel required for the pro- 
duction of steam for a given power, but if the practice be carried 
too far a blower will be necessary to produce the draft. 

Under the most favorable conditions the losses above con- 
sidered aggregate little less than 25 per cent, and under condi- 
tions of insufficient air for complete combustion and incompetent 
firing the aggregate may reach as much as 35 per cent. 

158. Calorimetry. — In estimating the evaporative efficiency 
of boilers the condition of the steam with respect to its dryness 
should be ascertained in order to avoid erroneous results. In 
practice the steam produced by the average boiler contains 
more or less moisture held in suspension, and it is evident that 
the total heat required to produce such steam is less than would 
be required to produce drj' saturated steam to the extent of the 
latent heat necessary to convert the suspended moisture into 
steam. For example, suppose a calorimeter test of the steam 
of 380° temperature produced by a boiler from a feed-water 
temperature of 180" disclosed the fact that the steam contained 
5 per cent of suspended moisture instead of being dry. The 
heat necessary to produce a pound of this steam is 0,95 Hi + 
H,- B,= 0.9s [1091.7 ^ 0.7 (382 - 32)] + (382 - 32) - (180 - 
33) = 1006.36 tliermai units, while that necessary to produce a 
pound of dry steam is 1091.7 -|- 0.305 (382 — 32) — (180 — 32} 
= 1050.45 thermal units. If, in this instance, the 5 per cent of 
moisture were neglected and the steam assumed to be dry, the 
evaprarative efficiency of the boiler would be exaggerated in the 

ratio — 2_:— 2 = 1.0438, or to the extent of 4.38 per cent. 
1006.36 

In the above example the sensible heat, H„ or the heat in a 

pound of the steam at the boiling point is taken as / — 32, in 

which t is the temperature of the steam. This value is less than 

that given in the table of the properties of saturated steam, the 

diflference arisinir from the fact that in the value {t — 32) the 
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assumption is made that one d^ree rise in tenq>erature per 
pound of water is the equivalent of one thermal unit. This is 
not exactly true, for the water absorbs a small quantity of heat 
due to the work performed in slightly e3q>anding it and the table 
value includes this quantity. The difference is not great and ia 
the absence of the table the sensible heat may be taken as I — 32. 
The value of the latent heat given by the formula Hi = 1091.7 
- 0.7 {t — 32) is an i^roximation, giving values greater than 
, those of the table for low temperatures and smaller values for 
high temperatures. In the examples that follow the table values 
of the latent and sensible heats will be taken, though in the 
absence of the table they may be calculated from the formulas. 

We may modify the formula by finding the total heat required 
for the evaporation of one pound of water so as to meet the cases 
where the condition of the steam with respect to its dryness is 
to be taken into account. Thus, if x denotes the dryness fraction 
of the steam, we shall have 

H^ = xHi + H, — Hf, 
If the steam is saturated, or dry, ic = i, and the formula becomes 
F, =£?!+£?.-£?/ = £?,-£?/ = 1091.7 +0.305 (/-32)-(//-32), 
the formula previously given for £f„. 

The dryness fraction of steam may be determined by a calorim- 
eter test. There are three forms of calorimeters in use for this 
purpose, known as the barrel, the throttling, and the separating 
calorimeters. 

159. Barrel Calorimeter. — The barrel calorimeter is very 
simple in construction, but owing to its inaccuracy its use is not 
advisable when other forms of the instrument are available. 

It consists of a barrel of hard wood about three-fourths filled 
with water and placed on accurate platform scales. A half-inch 
|\ilH* loads from the main steam pipe of the boiler, the part of 
tht^ pilH> within the steam pipe being closed at the end and 
jH^rCorutcd with holes about one-eighth inch in diameter. The 
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pipe should be covered with some non-conducting substance 
and should be thoroughly heated before commencing the test. 
The steam is admitted to the barrel through a hose attached 
to the half-inch pipe. This hose reaches nearly to the bottom 
of the barrel, is closed at the end and perforated for about nine 
inches of its length from the end. During the entrance of the 
steam the hose should be moved about so as to promote the 
mixture of the condensed steam and the condensing water. 
When the scales show that the desired weight of steam (about 
one-fifteenth of the original weight of the water in the barrel) has 
entered the barrel the resulting temperature of the water is taken 
by a thermometer deeply immersed. The pressure of the steam 
is taken from the gauge, and the corresponding temperature 
and latent heat is taken from the table. The temperature of 
the water in the barrel before and after the mixture should be 
taken with great care and with a thermometer graduated to at 
least one-quarter of a degree, and it is not advisable to have the 
twnperature of the mixture much over 110° in order that radia- 
tion may be avoided. 
Let W = original weight of water in barrel, 

Wi = weight of steam and suspended moisture blown in, 
w = weight of dry steam supplied, 
t = original temperature of water in barrel, 
/i = temperature of steam, 

It = temperature of the water in barrel after the addition 
of the steam, 
le heat lost by the steam will be the latent heat of the dry 
steam supplied plus the heat given up in cooling the liquefied 
dry steam and the water (moisture) carried in by the steam from 
the temperature d to the temperature ij. The former quantity 
is ic'H,, and the latter quantity is Wi (U — k). 
heat lost by the steam will then be 
wEi + ir, {h - k). 



Let 
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The heat gained by the water will heW {t% — 0- 
Since the heat lost by the steam must equal that gained by 
the water in the barrel, we shall have 

wHi + Wi(h - k) ^ W (h - i), 

whence w = — ^ ^—= — ^"-^^ — ^ " weight of dry steam 

•"I 

supplied. Calling y the fraction of moisture in the steam, we 
shall have y = — ^ — ; and if x denotes the dryness fraction 
of the steam, then 



a; = i— y = i — 



Wi Wi 



Example. — The barrel of a calorimeter contains 175 pounds 

of water at a temperature of 60^. After 10 pounds of the boiler 

steam at an absolute pressure of 170 poimds had been blown into 

the barrel the temperature of the mixture was found to be 

,122^. Find the dryness fraction of the steam. 

Solution, — From the steam table the temperature of steam 
at 170 pounds pressure is found to be 368.5° and the latent 
heat 854.7 imits. Then 

Tr(fe~/)-tFi(/i-fe) _ i75(i22~6o)~ipfa68.s-i22) _ 
El 854.7 ^ 

poimds of dry steam supplied. Then 

Dryness fraction — x ^^ -zrr = 2: — = 0.081. 

Wi 10 

160. Throttling Calorimeter. — The operation of the throt- 
tling calorimeter depends upon the principle that the increase in 
volimie of steam, imaccompanied by the performance of work, 
occasions a liberation of heat which may be utilized in the evapo- 
ration of any moisture in the steam and in superheating the steam 
by raising its temperature above that due its pressure. 
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•*nie form of this calorimeter designed by Prof. R. C. Carpenter 
and manufactured by the Shaeffer & Budenberg Co. is shown in 
Fig. 135. As described by the designer its form and action is 
substantially as follows: 

The sample steam from the main steam pipe passes through a 
globe valve and throttling orifice into the interior of the calorim- 
eter and there surrounds a thermometer cup before passing out 
of the calorimeter through the bottom opening. In many in- 
stances a gauge or thermometer cup is inserted between the 




valve and throttling orifice in order to determine the pressure of 
the sample steam as accuratelj' as possible. The sample steam 
entering the calorimeter through the orifice has its pressure 
greatly reduced by throttling and its pressure is measured by a 
low-reading manometer, connected as shown. Where the exit 
from the calorimeter is comparatively free, that is, not ob- 
structed by long pipes, bends, or valves, the so-called back 
pressure in the calorimeter should not be more than 0.75 inch 
mercury, and a manometer is therefore the best instrument 
■with which to determine it. The throttling orifice has a 




5 



p 



278 STEAM ENGINEERING 

diameter of about 0.08 inch, and the calorimeter itself is about \ 
3 inches in diameter and 6 inches long. For the purpose of 
reducing radiation the body of the calorimeter is nickel-plated, 
but it is nevertheless advisable to cover the instrument thor- 
oughly with some non-conducting material. The sample pipe 
leading to the calorimeter should also be thoroughly covered. 
If the instruments for determining the pressure of the sample 
be inserted between the valve and the throttling orifice, it b 
essential that the valve be opened wide during a trial. 

In the theorj' of the instrument it is assumed that in the oper- 
ation of the throttling calorimeter there is exactly as much heat 
in one pound of steam ahead of the throttling orifice as there is 
in the same weight of steam after throttling; that is, no heat 
is lost in radiation and no work is done in the expansion process 
in the orifice. There is, however, less total heat in saturated 
steam at the lower pressure than there is in the higher, and the 
excess heat thus liberated in the expansion through the orifice 
will first evaporate any moisture that the sample contains and 
will next superheat the dry steam, if any heat is left after the 
drying process is completed. Hence, pro\'ided enough heat has 
been liberated, the steam in the calorimeter will be superheated. 
As a matter of fact, this must be the case or the instrument can- 
not be used, for if the thermometer shows the saturation temper- 
ature of the steam in the calorimeter, there is no guarantee that 
even the original moisture in the sample has been evaporated. 

If X denotes the dryness fraction of the sample steam, then 
xHi + II, expresses the total heat of one pound; and if / denotes 
the temperature of steam due to the pressure in the calorimeter 
as registered by the manometer, and ii the temperature of the 
superheated steam in the calorimeter as registered by the ther- 
mometer of the instrument, then C (d — () is the measure of 
the superheat per pmund of steam in the calorimeter. C being the 
specific heat of the superheated steam in the calorimeter. Tfae_ 
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total heat of the steam in the calorimeter is then JSTi + C (/i — /) 
per poimd, and we shall have 

whence ,, g. + C (/.-/)- g, , 

-"I 

A value of x greater than i shows that the sample of steam was 
originally superheated. If /i = / in the equation for Xy then 
there is no superheat in the calorimeter and the result is doubt- 
ful, as there is no certainty that all the moisture in the sample 
has been evaporated. If the difference /i — / is less than 10° the 
results given by the throttling calorimeter are imcertain. 

Example, — Pressure of sample steam is 160 pounds absolute; 
pressure in calorimeter, as registered by manometer, is 2.75 
inches mercury; barometer pressure is 29.89 inches mercury; 
and the temperature in the calorimeter is 286°. Find the dry- 
ness fraction of the sample steam. 

Notes, — I. To convert inches of mercury into pounds, divide 
by 2.04. 

2. The specific heat of superheated steam at or near atmos- 
pheric pressure may be taken as 0.48 without very material 
error: 

Solution, — The absolute pressure in the calorimeter is 

■^^ ^ = 16 pounds. The saturation temperature at 16 

2.04 

pounds pressure is found from the table to be 216° and the 

total heat 1152 B.t.u. The degree of superheat is therefore 

286° — 216° = 70° and the specific heat 0.48. The latent heat 

of steam at 160 pounds absolute pressure is found from the 

table to be 858.8 B.t.u. and the sensible heat 335.6 B.t.u. Then 

11^2 +0-48 (286 — 216 ) — 335 -6 00 o o 

4? !■ ^ ^J — Q Q Q 0.9889 or 98.89 per cent. 

"*^ " "***■■ o58«o 
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i6i. Separating Calorimeter. — The separating calorimeter 

is an instrument devised to determine tlic amount of moisture 
in steam by a mechanical process dependent upon the density 
of water beii^ greater than that of steam. 

As devised by Prof. R. C. Carpenter, and manufactured by 
ShaeHer & Budenberg, the separating calorimeter is shown in 
Fig. 136. It consists essentially of two vessels, one being interior 
to the other, the space 4 between the two 
serving as a steam jacket. The inner vessel 
2 has a water gauge-glass 10 and a graduated 
scale I J by means of which the weight of 
water separated from the steam sample, and 
contained in the inner vessel, is measured. 
The outer vessel i has a flow gauge 9 by 
means of which the weight of the sample 
steam in its dry state is measured after 
having been divested of its water in the inner 
vessel. The sample of steam, the quality of 
which is to be determined, enters through 
the pipe 6 into a meshed cup 14 in the upper 
part of the interior vessel. Here the course 
of the steam and water of the sample is 
n angle of nearly 180°, which causes the water 
to be thrown outward through the meshes of the cup by the force 
of inertia and enters the chamber 3 of the interior vessel, the 
steam of the sample in its dry state entering the top 7 of the 
chamber 4 of the outside vessel. The lins of the meshes of the 
cup project upward in the inside, so that any intercepted water 
will drip into the chamber 3. The dry steam is discharged from 
the chamber 4 through a small orifice 8 of known area. This 
orifice is much smaller in section than that of any of the passages 
through the calorimeter, so that the steam in chamber 4 suffers 
no sensible reduction in pressure in passing through the caloiim- 




changed through a 
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Thus, the pressure in the two chambers being practicaJly 
the same, the temperatures are the same, so that there can be 
no loss from radiation from the interior chamber except that 
which takes place from the exposed surface of the gauge-glass 
which is so slight as to be negligible. 

The pressure in the outer chamber 4 and also the flow of 
steam in a given time is shown by suitably engraved scales on 
the gauge 9. The scale for showing the flow of steam, the outer 
one on the gauge, is graduated by trial and indicates the weight 
of steam discharged in ten minutes of time. 

In oijerating the separating calorimeter it should be thor- 
oughly wrapped with hair felt to prevent radiation, and con- 
nected to a felt-wrapped pipe leading to the main steam pipe 
so as to get the fairest sample of the steam. Permit the steam 
to blow through the instrument imtiJ it is thoroughly heated 
before making obser^'ations. 

Take the initial and final readings on the scale 12 at the begin- 
ning and ending of a period of ten minutes, and note the average 
position of the hand on the dial of gauge 9 during this time. The 
pressure should be kept constant as nearly as possible during 
the period of discharge, in which case the position of the hand 
will remain constant. 

To compute the drjTiess fraction or quality of the sample we 
proceed as follows: 

Let y denote the percentage of moisture in the sample of 
steam, w the weight of water in pounds that have been separated 
from the sample (foimd from scale iz), and W the weight of 
dry steam in the sample (average reading from the outer scale 
of gauge 9). 

Then y = „,^ > 



I in which x is the 



W +w W ^w 
the dryness fraction of the steam. 
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Example. — The reading of scale 12 at the beginning of a test 
was 0.005 pound and at the end of the test it was 0.2 pound. 
The average reading of the outer scale of gauge 9 during the 
test was 6.6 pounds. It is required to find the dryness fraction 
or quality of the steam. 

Solution. — 2«; = 0.2 — 0.005 = 0.195 pound, and W = 6.6 
pounds. Then 

W 6.6 

^ ^ STTT; = z;^ . ^,^^ = 0.9713, or 97.13 per cent. 

W -TW 0.0+0.195 

It should be observed that the separating calorimeter is 
adaptable to all degrees of moisture in steam, while the use of 
the throttling calorimeter is limited to cases in which the steam 
contains comparatively small amounts of moisture. 

162. Actual Boiler Efficiency. — The real efficiency of a boiler 
is the product of two efficiencies — that of heating surface and 
that of combustion. If we denote the heating surface by H.S., 
we shall have 

Efficiency of H.S. 

_ Heat absorbed by water per pound of fuel 
Heat available per pound of fuel 
Efficiency of combustion 

_ Heat available per pound of fuel 
Heat contained in pound of fuel 
Then boiler efficiency 

= Efficiency of H.S. X Efficiency of combustion 
^ Heat absorbed by water per pound of fuel 
Heat contained in pound of fuel 

Example. — A boiler using coal containing 92 per cent of C, 
3 per cent H, 4 per cent O, and 0.9 per cent S evaporates 9 pounds 
of water per pound of coal into steam of 352° temperature from 
feed water of the temperature of 140°. It is estimated that 
4400 imits are lost by radiation and through the smoke pipe. 
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It is required to find: (a) Efficiency of the heating surface; 
(b) efficiency of the combustion; (c) efficiency of the boiler. 
Solution, — 

A = i4,5oo 0.92+4.28(0.03 — ^j +4050X0.009 = 14,928 B.t.u. 

contained in a pound of the coal. 
H^ = 1091.7 +0.305 (352 - 32) - (140 - 32) = io8i.3B.t.u. 

required to evaporate one pound of water. 

1081.3 X 9 = 9731.7 B.t.u. 

absorbed by the water per pound of coal. 

14,928 — 4400 = 10,528 B.t.u. 

available for generating steam per pound of coal. 

Efficiency of heating surface = ^'^ '^ = 0.9243. 

10,528 

Efficiency of combustion = — ^^— = 0.7053. 

14,928 

Efficiency of boiler = 0.9243 X 0.7053 = 0.672. 

We might have proceeded as follows: 

Heat available per pound of coal 10,528 , 

^ — ^ = — ^ — = 9.74 poimds 

H„ 1081.3 ^'^^ 

of water which should have been evaporated from the available 
heat per poimd of coal. 

Efficiency of heating surface = -^— = 0.924. 

9-74 

Heat units in pound of coal 14,928 ^ , 

z^ = -^ — = 13.81 rK)imds 

H^ 1081.3 ^ ^ 

of water that would be evaporated per pound of coal if all the 
heat in the coal were utilized. 

Efficiency of combustion = "'v = o-7oS3' 

13.81 



CHAPTER XIII 
ENGINE EFFICIENCY. THE CARNOT CYCLE 

163. The Perfect Heat Engine of Camot. — The work 
developed by an engine is not all usefully employed, as there are 
always causes which occasion a waste of work, notably that 
expended in overcoming the friction of the engine itself. The 
ratio of the useful work performed by an engine to the total 
energy expended is the efficiency of the engine. 

Before any further consideration of the question of engine 
efficiency, a brief reference will be made to what is known as 
Carnot's cycle. 

Any series of operations in physics by which a substance is 
brought back to its initial state is a cycle. Thus, if a gas in 
a working process passes through a scries of heat changes and 
finally returns to its initial condition, the changes constitute a 
cycle. 

The ideal heat engine of Carnot is imaginary in conception, 
consisting of a cylinder and piston of perfectly non-conducting 
material, except the bottom head of the cyhnder, which is a 
conductor. Imagine three bodies, A , B, and C, which can be 
applied at will to the bottom head of the cylinder. The body 
Ay which is the source of heat, is constantly kept at a temper- 
ature Ti] the body ^ is a non-conductor of heat; and the body 
C is a receiver of heat, or cooler, kept constantly at a temper- 
ature T2, lower than Ti. Suppose the space between the piston 
and the bottom of the cylinder to contain as the working sub- 
stance a perfect gas of temperature Ti. 

The cycle consists of four operations, as follows: 

286 



ENGINE EFFICIENCY. THE CARNOT CYCLE 287I 

1. Apply the hot body A to the bottom head of the cylinder, 
allowing the piston to move, the gas expanding and doing work, 
the pressure falling but the gas receiving sufficient heat from 
A to maintain its temjieralure constant at T\. When this 
isothennal expansion, represented by ah in Fig. 137, has pro- 
ceeded sufficiently the first operation is completed. 

2. Remove A and apply the non-conductor B. the piston con- 
tinuing to move owing to the work done upon it to the extent 
only of the internal energy of the expanding gas, the temperature 
of the gas falling to Tj. This 
completes the second opera- 
lion, represented by he in 
Fig. 137, and since no heat 
has been allowed to enter or 
leave the gas, the expansion 
has been adiabatic. 

3. Remove B and apply 
C and force the piston back, 
compressing the gas. The 
slightest increase in the tem- 
perature of the gas due to 
the compression causes suffi- 
cient heat to pass from the gas to the cooler C to maintain the 
temperature of the gas at T^. 

When the compression has proceeded to the point d. of Fig, 137, 
the third operation, cd, is completed, and since the temperature 
of the gas was maintained at T-i the compression has been 
isothermal. 

4. Remove C and apply B and continue the compression, the 
temperature and pressure of the gas rising, and if the point d 
has been properly chosen the gas will have been compressed to 
its original ]>ressure and will have its original temperature T\ 
restored when the piston returns to its original position; that is, 
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163. The Perfect Heat Engine of Camot. — The work 
developed by an engine is not all usefully emploj'ed, as there are J 
always causes which occasion a waste of work, notably that I 
expended in overcoming the friction of the engine itself. The | 
ratio of the useful work performed by an engine to the total ' 
energy expended is the efficiency of the engine. 

Before any further consideration of the question of engine j 
efficiency, a brief reference will be made to what is known as ■ 
Camot's cycle. I 

Any series of operations in physics by which a substance is 
brought back to its initial state is a cycle. Thus, if a gas in 
a working process passes through a series of heat changes and 
hnally returns to its initial condition, the changes constitute a 
cycle. 

The ideal heat engine of Camot is imaginary in conception, 
consisting of a cylinder and piston of perfectly non-conducting 
material, except the bottom head of the cylinder, which is a 
conductor. Imagine three bodies, A, B, and C, which can be 
apphed at will to the bottom head of the cylinder. The body 
A, which is the source of heat, is constantly kept at a temper- 
ature T\\ the body S is a non-conductor of heat; and the body 
C is a receiver of heat, or cooler, kept constantly at a temper- 
ature Ti, lower than T^. Suppose the space between the piston 
and the bottom of the cylinder to contain as the working sub- 
stance a perfect gas of temperature 7"!. 

The cycle consists of four operations, as foUows: 



J 



ENGINE EFFICIENCY. THE CARNOT CYCLE 

1. Apply the hot body A to the bottom head of the cylinder, 
allowing the piston to move, the gas expanding and doing work, 
the pressure falling but the gas receiving sufEcient heat from 

to maintain its temperature constant at Ti. When this 
isothermal expansion, represented by ab in Fig. 137, has pro- 
ceeded sufficiently the first operation is completed. 

2. Remove A and apply the non-conductor B, the piston con- 
tinuing to move owing to the work done upon it to the extent 
only of the internal energy of the expanding gas, the temperature 
of the gas falling to Tj. This 
completes the second opera- 
tion, represented by be in 
Fig. 137, and since no heat 
has been allowed to enter or 
leave the gas. the expansion 
has been adiabatic. 

3. Remove B and apply 
C and force the piston back, 
compressing the gas. The 
slightest increase in the tem- 
perature of the gas due to 
the compression causes sulB- 

dent heat to pass from the gas to the cooler C to maintain the 
temperature of the gas at T2. 

When the compression has proceeded to the point d of Fig. 137, 
the third operation, cd, is completed, and since the temperature 
of the gas was maintained at Tj the compression has been 
isothermal. 

4. Remove C and apply B and continue the compression, the 
temperature and pressure of the gas rising, and if the point d 
has been properly chosen the gas will have been compressed to 
its original pressure and will have its original temperature Ti 
restored when the piston returns to its original position; that is. 
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the point d must be so chosen that an adiabatic cur\-e through 
d will pass through a, the compression having been adiabatic. 
This last operation completes the cycle. 

In the performance of the cycie just described the source of 
heat A, the non-contluctor B, and the cooler C were applied 
in the order A,B,C, B. If now the order of their application 
be changed to B, C, B,A, it will readily be seen that the dia- 
gram of Fig. 137 will be traced in the opposite direction, the 
reversals of work being accompanied by exact reversals of heat 
transfers at temperatures Ti and T-i. This constitutes a rever- 
sible or perfect heat engine. That is, the perfect heat engine, if 
made to trace its diagram in the reverse direction, will take 
from the receiver the same quantity of heat it rejected to it 
. when running direct, and will restore to the source of heat the 
same quantity it recei\'ed when running direct. Refrigerating 
machinery operates' on the principle of the reversed cycle. 

The points b and d may be definitely fixed by a consideration 
of the facts that the isothermal expansion from a to i must be 
stopped at such times that will enable Ti to fall to Ti during the 
adiabatic expansion from b to c. and that the isothermal com- 
pression from c must be stopped at some point d such that 
the time remaining for the adiabatic compression of the fourth 
operation is sufficient to enable the temperature of the gas to 
rise from Ti at d to Ti at a. We have seen that the product of 
the pressure and volume of a portion of gas is proportional to 
the absolute temperature of the gas; that is, PV = RT, in 
which .ff is a constant depending upon the density of the gas. 
We know, too, that during adiabatic expansion the equation of 
the curve is PV^ = constant. By a combination of these two 
equations the points b and d may be located. We have 

i>,7,x =i'jr!^, (6) 

and PiVi _ jgr, _ Ti 



(7) 
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p y K 

From equation (6) we have ~ = t^ ; substitute in (7) and 

1 



Then, for the adiabatic expansion during the second operation, 
we have from Fig. 137, 






which locates the point b. 
In like manner, during the fourth operation, we have 






,K-l 

2/ 

which locates the point d. 
From what has just preceded, we have 

-; = -;. whence -^ = -% 

that is, the ratios of the isothermal and adiabatic expansions 
in the Camot cycle are equal respectively to the ratios of the 
isothermal and adiabatic compressions. 

164. Efficiency of the Camot Cycle. — During the first oper- 
ation of the Carnot cycle the engine received a quantity of heat 
at the temperature Ti of the source, and during the isothermal 
expansion of the operation the work done by the gas is, by Art. 

151, 

PdV = PiV, ^ = PiFi log, ^ = AKi log, n, 

in which r\ is the ratio of isothermal expansion. 

During the second operation the engine neither received nor 
rejected any heat during the adiabatic expansion. 

During the third operation the engine performed work on the 
gas, rejecting a quantity of heat at the temperature T^, and 



^90 STEAM ENGINEERING 

during this isothermal compression the work done on the gas 
was P2V2 loge r2, in which r2 is the ratio of isothermal compression. 

During the fourth operation the engine neither received nor 
rejected any heat during the adiabatic compression. 

Then PiVi log, ri = RTi log, n is the external work done by 
the gas during the cycle, and P2V2 log, r2 = RT2 log^fa is the 
external work done on the gas; and since the ratios of isothermal 
expansion and isothermal compression are equal, we shall have 
{RTi — RT2) log, r as the expression for the net external work 
performed by the gas during the cycle, 

And (Jgri - RT2) log, r ^ T1-T2 

RTi loge r Ti 

is the fraction of the whole heat given to the engine that was 
converted into work and is therefore the efficiency of the ideal 
engine. 

In general terms, if a weight W^ of a gas whose specific heat is 
c and absolute temperature Ti be supplied to any form of heat 
engine and exhausted at the absolute temperature T2y then WTiC 
expresses the thermal units of heat supplied to the engine and 
WT2C the thermal units rejected, so that we shall have 

T , ^ rr ' Useful work performed 

Ideal crliciency = — ^ — : r- 

1 otal energy rejected 

_ WTic - WT2C _ Ti-T2 
WTiC Ti 

The engine of Carnot is of course imaginary, as it is supposed 
to be made of perfect conductors and perfect non-conductors, 
which do not exist, but the results of the perfect heat engine are 
important from the fact that they enable us to p)oint out the 
imperfections of existing engines and to assign to each its share 
of the rcsi^onsibility for the waste of heat. The Carnot cycle 

of the perfect heat engine shows that no engine can be devised 

T — T 
that will show a greater efliciency than — ^- — -, in which Ti 

-^ 1 
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is the absolute temperature of the source of heat and Tj the 
absolute temperature of the source of cold. This efficiency would 
have its maximum value of unity when 7^ = o, or when the 
source of cold has the absolute zero of temperature, a result 
unattainable. The best that can be done is to make the efficiency 
of the engine approach unity by making Ti — T^ as nearly as 
possible equal to Fj, which is practically accomplished by making 
T\ as large and 7"; as small as possible. Unfortunately, the 
practical range of temperature in the cyUnder of a steam engine 
is verj' limited and the efficiency therefore very low. The 
maximum temperature which could possibly be available is that 
of the products of combustion of the fuel, but if there were 
practical means of utilizing the temperature of the furnace gases 
some material other than steel would have to be used in the 
construction of engines. We arc therefore limited for the 
maximum temperature to that of the steam in the boiler, and for 
the minimum to a condenser temperature of about 126° F, corre- 
sponding to an absolute pressure of 2 pounds. . 

The conditions of the four operations of the Carnot cycle are 
far from being obtained in practice with the modern steam engine, 
as under the most favorable circumstances not more than from 
50 to 60 per cent of the ideal efficiency is obtained in actual 
practice. With the present limits of temperature used in the 
steam engine the ideal efficiency varies from 18 to 30 per cent, 
so that the actual efficiency varies from 9 to 18 per cent under 
favorable conditions. 

The cycle of operations of the steam engine approach those 
of the Carnot cycle only remotely. Heat is taken in at the 
upper limit, that of the boiler temperature; expansion follows, 
during which work is done, and the falling temperature ap- 
proaches, but does not reach, the lower limit at which condensa- 
tion takes place, during which process heat Is given out. At 
this point the operation of adiabatic compression is wanting, 
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the working substance in the condition of condensed Mf&& 
being returned to the boiler by mechanical means. The heat 
the feed water contains improves the efficiency of the cj'de, 
but as such heat is supplied at a temperature below the upper 
limit the performance is far from approaching the ideal cycle. 

165. Losses Affectiiig Engine Efficiency. — The principal 
causes which reduce the efficiency of the steam engine below 
that of the ideal engine may be enumerated as follows: 

I. Steam, the working substance, is far from being a perfect 
gas, and its employment is primarily disadvantageous. It is 
impossible to compress the exhaust steam to its initial state, 
necessitating a reheating in the boiler. 

3. Steam is not rejected to the condenser, the source of cold, 
at the condenser temperature and pressure, but suffers a fall 
in both particulars in consequence of incomplete expansion. 

3. Owing to inevitable leakages, the equivalence in water to 
the steam supplied to the cylinder is not returned to the boiler, 
necessitating an addition of feed water at much lower tempera- 
ture than that of the water in the boiler. 

4. The exchange of heat between the steam and the metal 
of the cylinder, occasioning initial condensation and subsequent 
reSvaporation within the cylinder. 

5. Free and unresisted e.'cpansion of the steam, resulting in 
the performance of no externa! work, as instanced in the drqp 
in pressure from cylinder to cylinder in stage-expanaon 
engines. 

166. Cylinder Condensation and Reevaporation. — During 
the iK^riod of iidmission the steam tomes in contact with the 
metal of tlie cylinder, which has just been chilled by exhaust 
connection vdlh the condenser, causing initial condensation, 
the latent heat of which raises the temperature of the cylinder 
walls. As the stroke proceeds the reduction in pressure due to 
the expansion lowers the temperature of the steam, with the 
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result that abstraction of heat from the cylinder takes place, 
cauang a partial refivaporation of the water and the consequent 
raising of the expansion curve. This reevaporation never 
makes up for the loss due to condensation, and there is always a 
quantity of water rejected at release, which, owing to the low 
pressure during exhaust, is partially reevaporated and occasions 
back pressure. 

In the processes of condensation and reevaporation witliin 
the cylinder it is important to note that the temperature during 
condensation is higher than it is during reevaporation, and as 
a consequence the metal of the cylinder receives more heat 
per pound of steam condensed than it gives up per pound re- 
evaporated. It foUows that if the abstraction from the cylinder 
walls of this excess of heat could be prevented, there would be 
no initial condensation; and it was largely this idea that sug- 
gested the use of the steam jacket for cylinders, by which the 
cylinder walls may be prevented from losing heat externally, 
and may even be made to take up heat. With such conditions, 
all condensation incident to the work done during expansion 
would be followed by immediate reevaporation. 

We have assumed thus far that the steam furnished the engine 
is dry, but should it contain moisture, which is not infrequently 
the case, the reevaporation would no longer be confined to the 
water resulting from condensation during expansion, but would 
be extended to the moisture contained initially in the steam. 
Hence the importance of furnishing the engine with dry steam, 
a condition best seciired by means of superheating. 

It should be observed that the slide valve really promotes 
initial condensation by requiring the steam to enter the cylinder 
through a i)as5age which, immediately before, was chilled by the 
escape through it to the condenser of the exhaust steam of the 
preceding stroke. This evil is remedied in engines of the four- 
valve type, two for steam and two for exhaust. 
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167. Methods of Reducing C^inder Coadensatioii. — TEere 

are four methods of reducing the losses from cylinder conden- 
sation, viz.: (i) Jacketing the cyhnder. (i) Superheating the 
steam, (j) Compounding, or allowing the steam to expand in 
two or more cylinders, thus reducing the range of temperature 
in each. (4) Quick running. 

168. Steam Jacketing. — The jacket of a cylinder is usually 
formetl by the insertion of a cylindrical liner within the cylinder 
proper, leaving an annular space between. The liner is flanged 
at one end, by which it is secured to the cylinder by means of 
countersunk screws. At the other end is a stuffing-box to allow 
for expansion and to make a steam-tight joint with the cylinder. 

Steam of boiler pressure is circulated through the jacket, the 
object being to keep the liner, in which the piston works, at a 
temperature as nearly as possible the same as that of the entering 
steam, and thus reduce initial condensation. The transfer of 
heat from the steam in the jacket to the liner is accompanied by 
a liquefaction of steam in the jacket, but the water from this 
liquefaction is drained and returned to the boiler without material 
waste. The virtue of the jacket lies in the fact that the latent 
heat of its liquefied steam is given to the steam within the finer, 
with the result that this working steam is kept comparatively 
dry, and being a poor conductor and radiator when in that con- 
dition, the metal of the finer is unable to give heat to or receive 
it from the working steam. The greatest benefit derived from 
jacketing is with slow-speed simple engines, its value being less 
with stage-espansion engines, and almost valueless with engines 
of high rotational speed. 

The theoretical consideration of the action of steam in a 
jacketed cyfinder may be shown by this example: 

A simple expansive engine with jacketed cylinder uses steam 
of absolute initial pressure of 105 pounds per square inch, and 
exhausts against an absolute back pressure of 17 pounds. The 
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clearance of the cylinder is 4 per cent, and steam is cut off at 
one-quarter stroke. The weight of a cubic foot of steam at 
105 pounds pressure is 0.2365 pound, the latent heat 885 units, 
and the total heat 1187 units. 

It is required to find: (a) The weight of steam used in the 
cylinder per I.H.P. per hour, (b) The weight of steam lique- 
fied in the jacket per I.H.P. per hour, and its equivalent from 
a feed-water temperature of 132°. (c) The eflSciency of the 
engine. 

Solution, — 

a -\-c 0.25 H-0.04 
p^ = P.{i+H,r) ^ 105 (I + 1.277) = 66.67 pounds. 

Using a mean pressure factor of 0.9, we have 

M.E.P. = (66.67 — 17) 0-9 = 44-7 pounds. 

If we denote the volume of the cylinder in cubic feet by F, we 
shall have 

Steam used per stroke = 0.29 F X 0.2365 pound. 
Work per stroke = PV = 144 X 44.7 X Ffoot pounds. 

Work per pound of steam = w — 1~ ~ QSj^S^ ^^^^ poimds. 

0.20r •\O.23OS 

-2 7 000 X 60 

Weight of cylinder steam per I.H.P. per hour = '^^ — 

93,850 
= 21.097 poimds. 

^ "^ ? = tS^ = ^9-28 pounds. 

Under the assumption that the jacket steam supplies the heat 
necessary to maintain the working steam in a state of saturation 
throughout the stroke, the measure of this heat is the latent 
heat of the steam liquefied in the jacket. If x denotes the 
weight of steam liquefied in the jacket per I.H.P. per hour, then 
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the heat expended in the jacket is x times the latent heat of 
steam corresponding to the pressure pi of the jacket steam. 

The total heat of steam at pressure of 29.28 poimds is 1163 
units. Denoting it by Ht* and that at pressure of 105 pounds 
by ffi*, we shall have (ffi* — Ht^) 21.097 + *^i' as the expres- 
sion of the total heat expended in the performance of effective 
work per I.H.P. per hour, in which Hi^ denotes the latent heat 
of steam at pi pressure. This expenditure of heat is balanced 

by the effective work done, that is, by ^ «= 2545 

775 

thermal units necessary to develop, one I.H.P. per hour. 

Then, we shall have 

2S4S = xHi^ + (Hi^ - ftO 21.097 = 885 « + (1187 - 1163) 21.097, 

whence x = 2.3 pounds. 

Supposing the liquefied jacket steam to be returned, to the 
boiler at the temperature of the water in the boiler, there would 
be an expenditure for each pound of jacket steam of only the 
latent heat of the steam, or of 885 imits, while each poimd of 
cylinder steam requires an expenditure of H^ units, or of 1187 - 
(132 — 32) = 1087 units. The weight of the liquefied jacket 
steam reduced to an equivalent weight of cylinder steam is 

'^ — ^ = 1.873 pounds. The total weight of steam per 

I.H.P. per hour is then 21.097 + 1-873 = 22.97 poimds. 
The efficiency of the engine 

_ U seful work performed 
Total heat expended 

= — ^ ^- — - = 0.102, or 10.2 per cent. 

1087 X 21.097 + 2.3 X 885 ' ^ 

169. Superheated Steam. — Steam in the condition in which 
it is ordinarily produced and used is said to be saturated, the 
name implying that it is a saturated vapor haxing the maximum 
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sity — and hence the smallest volume per pound — con- 
sistent with its pressure or with its temirerature; it is steam at 
the point of condensation, when any reduction in the temperature 
will cause liquefaction. If saturated steam be heated so that 
its temperature rises above that at the saturation point, the 
pressure remaining constant, it is said to be superlieated; or, 
steam is superheated when, at any given boiler pressure, its 
temperature is higher than that of the water from which it was 
evaporated. There can, of course, be no moisture in super- 
heated steam, and its behavior approaches much nearer that of 
a perfect gas than does that of saturated steam, and since its 
specific heat at constant pressure is 0.48, it requires a little less 
than half a thermal unit to raise the temperature of a pound of 
it to the extent of one degree. 

It should be understood that the addition of heat to saturated 
steam will raise the temperature and leave the pressure un- 
changed only when the steam is allowed to expand as the heat 
is added. The practical method of superheating steam is to 
cause it, while on its way from boiler to cylinder, to pass through 
coils which are surrounded by hot gases from the furnace. The 
steam absorbs heat from the gases with a consequent rise in 
temperature, the pressure remaining constant because of the 
fact that the steam is used almost as fast as it is generated and 
that the displacement of the piston in the cylinder causes a 
virtual extension of the volume of the boiler, thus providing for 
expansion. 

The total heat of a pound of superheated steam is equal 
to its total heat in the saturated condition plus the quantity 
0.48 ((, — t) required to raise the temperature / of the steam 
in the saturated condition to the temperature (, of the super- 
heated state. 

In consequence of the difhculties attending the construction 
of superheaters, and of the inability of hemp packing to with- 
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Stand high temperatures, the early attempts to use superheated 
steam in reciprocating engines were abandoned and attention 
directed to the economies incident to the use of high steam pres- 
sures, high ratios of expansion, high piston speeds, and steam 
jacketing; but as it is not likely that the pressures and piston 
speeds now in common use will soon be exceeded, it is believed 
that the hope of further economy in the steam engine Hcs largely 
in the use of superheated steam. 

The introduction of metallic ]3acking and of improved methods 
of lubrication, together with the satisfactory construction of 
superheaters, have removed the objections first urged against 
the use of superheated steam, and the fear originally entertained 
that the liigh temperatures due to superheat would bum lubri- 
cants and cause valves and pistons to grip has been abandoned. 

The actual behavior of steam in an engine cylinder is too com- 
plex to speak of with certainty in all its phases, but no doubt 
exists that condensation before and after cut-off, and reevapora- 
tion during exhaust do take place, and that both of these oper- 
ations are wasteful and only partially prevented by the use of 
jackets. Any usage, therefore, that prevents or lessens these 
operations is conducive to economy, and it is to this accomplish- 
ment'that the use of superheated steam in the steam engine is 
directed. 

As saturated steam is a vapor at the point of condensation, it is 
seen that the effect of superheating is to convert it into a gas 
which is capable of parting with all of its superheat without 
Kquefying, and it has been demonstrated that such a gas loses 
less of its heat to the metal of a cylinder which incloses it than 
do liquefiable gases under similar circumstances. It is to these , 
properties that the economies from the use of superheated ; 
steam in the steam engine are due. It is obvious that the ideal | 



It must not be understood that the use of superheated steam 
increases the power developed by an engine, but rather that it 
increases the economy witJi which tJiat power is developed, a 
result directly attributable to the lessening of cylinder conden- 
sation and the consequent decrease in steam consumption per 
unit of power. Steam consumption depends largely, of course, 
on the design of the engine, but in so far as its reduction can be 
attributed to superheated steam it has been shown in practice 
that for every 7 degrees of superheat there may be expected a 
reduction of i per cent in steam consumption. 

Very careful trials were made in 1906 of two identical ships, 
the Garoiine and the Ranee, both fitted with similar triple- 
expansion engines, the Garonne using saturated steam and the 
Ranee superheated steam. These trials showed a reduction in- 
coal consumption of 20 per cent in favor of the Ranee, her con- 
sumption per I.H.P. being only 0.9 pound. 

The economic advantages of superheated steam apply as 
well to the steam turbine as to tlie reciprocating engine, as 
experience has shown that with the turbine a saving of from 
10 to 12 per cent in fuel consumption may be expected from a 
superheat of from 108 to 126 degrees, a saving of about i per 
cent in every 11 degrees of superheat. 

The temperature of the chimney gases is ordinarily high 
enough to provide a superheat of from 75 to rSo degrees, a 
degree which may safely be permitted in average practice, so that 
any necessity for superheaters with independent furnaces does 
not appear likely to arise in the near future. 

170. Compounding. — The introduction of higher steam 
pressures, with increased rates of expansion, produced such wide 
ranges of temperature in a single cylinder that the remedies for 
cylinder condensation akeady considered failed in their applica- 
tion. A division of this wide range of temperature was then re- 
sorted to by allowing the steam to expand successively througji 





300 



STEAM ENGINEERING 



two, three, and sometimes four cylinders, thus introducing the 
double, the triple and the quadruple expansion engines. 

For example, the range of temperature in a triple-expansion 
engine using steam of initial pressure of 250 pounds would be 
from 401° to 153°, the latter temperature corresponding to a 
back pressure in the condenser of 4 pounds. A ratio of expan- 
sion of 14 would not be unlikely under such conditions, and if 
such expansion were attempted in a single cylinder the fall in 
temperature would be 401 — 153 = 248°, a range which would 
cause excessive condensation. With the triple-expansion engine 
this range of temperature could be divided equally between the 
three cylinders and the initial condensation much reduced. 

171. Quick Running. — It is obvious that, with engines 
making a large number of revolutions per minute, there is 
insufficient time to transfer to and from the cylinder walls 
the heat involved in the processes of cylinder condensadon 
and reevaporation. 

172. Condensation and Production of Vacuum. — Much of 
the efficiency of the modem steam engine is due to the applica- 
tion of the principle of condensation, by which the steam, after > 
being used in the cylinder, is exhausted into a condenser and 
there converted into water and then returned to the boiler for | 
reevaporation. In the type known a,^ the jet condenser the 
condensation is effected by means of the exhaust steam coming 
in contact with a Jet of water within the condenser, the mixture 
of condensing water and the water resulting from the conden- 
sation of the steam being then removed by a pump known as 
the air pump. In the surface-condenser type the exhaust steam 
on entering the condenser comes in contact with a series of 
metaUic tubes through whicli cold water is kept circulating by 
means of a circulating pump, the water resulting from the con- 
densation of the steam being removed by the air pump. 
result in the use ol either type of condenser is the almost 
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condensation of the steam and the production of a vacuum, the 
perfection of which depends upon the pressure within the con- 
denser. If the temperature were 32°, the corresponding pressure 
would be 0.0886 pound per square inch and the vacuum nearly 
perfect. No such vacuum is ever attained in a condenser, nor 
would it be desirable, inasmuch as there must always be an 
excess of pressure in the condenser over that in the air-pump 
cylinder in order that the pump valves may open. With either 
type of condenser more or less air, due to leakage and from being 
liberated from the water, is always present and if allowed to 
accumulate would destroy the vacuum. For this reason the 
air pump is necessary, its function being to remove from the 
condenser ibe air and uncondensed vapor, as well as the water. 

The water circulating through the lubes of a surface condenser 
is usually allowed to go to waste, but in case the plant is situated 
at a place inconvenient to the water supply the circulating 
water may be discharged into cooling towers and there robbed 
of its heat so that it can be reused. 

With the non-condensing engine the steam, after doing its 
work in the cylinder, is exhausted into the air at a pressure usu- 
ally of little less than 4 pounds above atmospheric pressure, 
thereby occasioning an absolute back pressure on the piston of 
nearly 19 poimds. With the condensing engine the moving 
piston is opposed only by the pressure in the condenser due to 
the imperfection of the vacuum, amounting usually to about 
3 pounds absolute, so that the increased efficiency of the con- 
densing engine is at once apparent. This may be shown by a 
comparison of the indicator diagrams of two identical engines 
working with the same ratio of expansion and with the same 
initial pressure of 100 pounds absolute. The ratio of expan- 
sion being identical in the two cases, the point of cut-off, and 
therefore the weight of steam used per stroke, will be the same 
for each engine. 
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The non-condensing engine will produce the diagram ABCD, 
Fig. 138, the back-pressure line CD being about 4 pounds above 
atmospheric pressure, while diagram ABCEF will be that of 
the condensing engine, its back-pressure line EF being but 
3 poimds above the perfect vacuum line OCX. The shaded area 
represents the increased work done by the same weight of 
steam, due to the use of the condenser. 




b' 

Fig. 138. 

A comparison of the ideal efficiencies of the two engines above 
considered conclusively shows the superior economy of the con- 
densing engine. 

The temperature of steam at 100 pounds absolute pressure is 
328°, at 19 pounds 225°, and at 3 poimds 142°. The ideal 



efficiency 



Ti - r. /i - k 



Ti 



h +461 



, for the non-condensing engine will 



be 



^ — ^ = 0.13, or 13 per cent, and that for the condensing 

789 

engine will be "^ — - — — = 0.2357, or 23.57 per cent. 

789 

173. Heat Rejected into Condenser. — As stated in Art. 172, 

steam is commonly exhausted into the condenser at an absolute 
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of 3 pounds with a corresponding temperature of 142°, 
and assuming its temperature after condensation to be 100°, it 
follows that each pound of exiiaust steam entering the condenser 
yields 42 thermal units in consequence of its reduction in 
temperature. The latent heat of a pound of steam at the tem- 
perature 142° is 1012 units, so that this additional amount is 
, liberated because of the condensation, making a total of 1054 
units given up to the condenser by each pound of exhaust steam, 
I all of which heat must be absorbed by the condensing water, 
I This quantity of heat is known as the heat rejected to the con- 
' denser per pound of steam used. Neglecting the loss from 
. radiation, the difference between the total heat of the initial 
steam and the heat rejected to the condenser is the amount 
converted into work per pound of steam, and this quantity 
multiplied by the number of pounds of steam used per minute 
gives the heat units converted into work per minute, the mechan- 
ical equivalence of which is obtained by multiplying by 778, and 
the product divided by 33,000 will be the I.H.P. of the engine. 

174. Weight of Condensing Water Required. — Using the 
figures of the preceding article, and assuming the temperature 
of the condensing water to be 60°, there would be, in the case 
I of the jet condenser, an absorption of 100 — 60 = 40 units by 
I each pound of condensing water, so that to absorb the 1054 units 
' given up by each pound of steam condensed would require 
' ^it^ = 26.35 pounds of condensing water. 

With the jet condenser the condensing water and the condensed 
steam form a mixture at one temperature, but with the surface 
condenser the condensing water passing through the tubes must 
always be at a considerably lower temperature than that of the 
exhaust steam, and in consequence a greater quantity of con- 
densing water is required for the surface condenser. Suppose 
in our example that the condensing water after passing through 
the tubes was discharged at a temperature of 85' 
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absorption by each pound of 85 — 60 = 25 units of heat. Then 
for each pound of steam condensed there would be required 
^Sfi* = 42,16 pounds of condensing water. 

175. Expressions for Engine and BoQer Efficieocies. — There 
are a number of ways of expressing the efficiencies of engines 
and boilers, and as such expressions are the means of estimating 
and comparing the economies of engine and boiler systems there 
should be no confusion in their application. The most commonly 
used expressions follow: 

176. Thennal Efficiency of Engine. — The number of thermal 
units ex]M?ndcd per hour per I.H.P. is a standard of engine 
efficiency. The development of one horse-power per imnute is 
equivalent to the expenditure of ^?b^ = 42.42 B.t.u., so that 
we have 

Thermal efficiency of engine 

^ ^ 42.42 X 60 

^ B.t.u. supplied engine per I.H.P. per hour 
As an example, take the case of a non-condensing engine 
working with steam of 95 pounds initial pressure, the tempera- 
ture of which is 324°. The engine consumes 30 pounds of steam 
per I.H.P. ijcr hour and the feed-water temperature is 160'. 
We shall then have 
Thermal efficienc)' of engine 

^ 42-4J X 60 =008 

3o[io9i.7 -1-0.305(324-32) - (160 - 32)] 
If the example be that of a triple-expansion marine en^e 
using steam of 401° temperature, corresponding to an initial 
absolute pressure of 250 jwunds; and if the engine consumes 
14 pounds of steam per I.H.P. per hour, and the feed-water 
temperature be 160°. we shall have 
Thermal efficiency of engine 
42.42 X 60 



14 [1091.7 + 0.305 (401 - 32) - U60 - 32)] 



= 0.168. 
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It is seen from this that 8 per cent and 16.S per cent are average 
thermal efficiencies of the simple non-condensing and the triple- 
expansion marine types of engines respectively. 

177. Number of Pounds of Steam per I.H.P. per Hour. — 
This standard of engine efficiency is easily understood and very 
conimonly used. This standard varies from 1 2.5 to 20 pounds 
[or the different t>-pes of stage-expansion engines, and from 28 
to 34 pounds for simple non-condensing engines. 

178. Relative Engine Efficiency. — If the thermal eifidency 
of an engine be compared with the ideal efficiency of the same 
range of temperature, the result is the standard of relative 
engine efficiency. 

Suppose in the case of the non-condensing engine considered 
above under the head of thermal efficiency, the back pressure 
was 18 pounds, the corresponding temperature being 222°. Then 
- h _ 324 - 



Ideal efficiency = 



(1 + 461 
J.08 



785 



= 013. 



= 0.616, or 6r.6 per cent of 



whence Relative efficiency = 
the ideal efficiency. 

In the case of the triple-expansion marine engine, suppose a 
condenser pressure of 3 pounds with the corresponding temper- 
ature of 142°. Then 

Ideal efficiency = -■ „ • = 0.3, 

whence Relative efficiency = — ^ — - = 0,56, or 56 per cent of the 

0-3 
ideal efficiency. 

179, Mechanical Efficiency of Engine. — Brake horse-power 
(B.H.P.) is the effective horse-power of an engine; that is, it is 
the power developed by the engine independently of the power 
absorbed in friction in driving the engine itself. The I.H-P. 
includes this frictional work, hence 

B.H:p. 
' I.H.P. 



Mechanical efficiency of engine = 



k 
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z8o. Boiler Efficiency. — A standard of boiler efficiency in 
common use is that of the nmnber of poimds of water it evaporates 
per pound of coal. Assuming a poimd of good coal to contain 
15,000 B.t.u., we should expect from it an evaporation of -^f^ 
B 15.46 poimds of water from and at 212^; but we have seen 
in the chapter on fuels and combtistion that not more than 
70 per cent of the potential energy of the coal becomes availabk 
for generating steam, so that an evaporation of only 1546 X 
0.7 — 10.82 pounds may be expected. 

z8z. Pounds of Coal per I.H.P. per Hour. — This is a very 
common standard of economy of an engine and boiler considered 
as one machine. Its value may be averaged *as from 3 to 4 for 
ample non-condensing engines, from 2.22 to 2.5 for simple con- 
densing engines, and from i to 2 for stage-expansion engines. 

z8a. Thermal Efficiency of Engine and Boiler. — If an engine 
develops one I.H.P. per hour with an expenditure of 2.25 pounds 
of coal, the thermal value of which is 15,000 B.t.u. per pound, 
it is obvious that the 

Thermal efficiency of the engine and boiler 

42.42 X 60 ^ 

= -=^—^ = 0.0707, or 7.07 per cent. 

iSyOOO /\, 2.4 

183. Mechanical Efficiency of the System. — It has been 
shown that the percentage of the potential energy of a given 
weight of coal converted into work is the thermal efficiency of 
the engine and boiler, so that if this combined efficiency be 
multiplied by the mechanical efficiency of the engine the result 
will be the percentage of the energy of the coal that is applied 
to the shaft, and therefore the mechanical efficiency of the engine 
and boiler considered as one apparatus. 

184. Imperfection of the Steam Engine. — To illustrate the 
imperfection of the steam engine we shall consider its efficiency 
by means of an example from the conditions of actual practice. 
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Example, — A high-speed non-condensing engine works with 
an absolute initial pressure of 95 pounds. The feed water has 
a temperature of 180°, and it is found by measurement that 
29 pounds of steam are used per I.H.P. per hour. A boiler test 
shows that 9.5 pounds of water are evaporated per pound of coal, 
the thermal value of which is 15,000 B.t.u. per pound. The 
I.H.P. of the engine is 50 and the B.H.P. 43.5. It is required to 
find the percentage of the heat energy of the fuel that is applied 
to the shaft. 

Solution. — The total heat of steam at 95 pounds pressure is 
found from the table to be 11 85. 4 units; therefore H^g = 1 185.4 
— (180 — 32) = 1037.4 B.t.u., so that one pound of the coal 

should evaporate -^ = 14.46 poimds of water. 

10374 

EflSciency of boiler = "'^ = 0.657. 

14.46 

The nimiber of B.t.u. required from the fuel per I.H.P. per 

• 4. • 1037 4 X 29 
minute is — "^^ ^ = 501.41. 

60 
Hence 



4242 _ 



Thermal efficiency of engine = = 0.0846. 

501.41 

Mechanical efficiency of engine = ^^^ =0.87. 

The efficiency of the boiler is 65.7 per cent, and as only 8.46 
per cent of the heat supplied to the engine is converted into 
work, we have 0.657 X 0.0846 = 0.0556, or 5.56 per cent of the 
heat of the fuel converted into work; and finally we have but 
0.0556 X 0.87 = 0.0484 or 4.84 per cent of the heat energy of 
the fuel applied to the shaft. 
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PROBLEMS 

I. An engine develops one I.H.P, per hour on an expenditure of 1.8 
pounds of coal, the thermal value of which is 15,000 B.t.u. per pound. 
What is the thermal efficiency of the system? Ans. Q.4 per cent. 

1. An engine using lo pounds of sieam per minute exhausts into a sur- 
face condenser at a pressure of 3 pounds, the initial pressure bdQg 100 
pounds and the terminal pressure g pounds, all pressures being absoluie. 
The total heats of steam at the initial and terminal pressures are 1 186 B.t.u. 
and 1141 B.t.u. respectively, and the latent heat of steam at the pressure 
of exhaust is lou B.t.u. The temperature of the exhaust steam is 147° 
ajad of the condensed water 100°. The condensing water enters at a temper- 
ature of ti" and is discharged at 88°. It is required to find the I.H.P. of 
the engine and the number of pounds of condensing water required per 
pound of steam condensed. Ans. 30.76 I.H.P.; 40.5 pounds. 

5. A non-condensing engine working with an initial absolute steam 
pressure of too pounds, the temperature of wliich is 328°, uses i6 pwunds ol 
steam per I.H.P. per hour. The boiler evaporates 9.5 pounds of waler per 
pound of coal, the temperature of the feed being ioi°. The thermal value 
of the coal used is 14,400 units per pound, and it is found that 6 per cent of 
the heat energy of the fuel is applied to the shaft. Find: (a) Efficiency of 
the boiler, (b) Thermal efficiency of the engine, (c) Mechanical effi- 
ciency of the engine. 

Am. (a) 66.76 per cent, (b) 9.67 per cent, (c) 93.00 percent. 

4. What would be the coal consumption per I.H.P. per hour in the ideal 
engine working between the temperatures of 369° and no", assuming the 
thermal value of the coal to be equal to that of pure carbon, and the effi- 
ciency of the boiler to be perfect? ..-Ih*. 0.585 pound. 

5. How many pounds of water must be evaporated per hour per I.H.P. 
with the ideal engine, the consumption of fuel being 0.585 pound of carbon 
per I.H.P. per hour, the temperature of the steam 369°, and that of the 
feed water no"? Ans. 7} pounds. 

6. The efficiency of an engine is 14 per cent, and of the boiler 70 per 
cent. The coa! used has a thermal value of 14,300 units per pound. Find 
the niunbef of pounds of coal required per I.H.P. per hour. 

Ans. 1.816 pounds. 

7. A 9" by 10" engine uses steam at 80 pounds gauge pressure. Cul-off, 
0.3S stroke; revolution, 375 per minute; clearance, 6 per cent; I.H.P. de- 
veloped, 46. The specific volume of the initial steam is 4.66 cubic feet. 
The dryness fraction of the steam b 0.07, the thermal value of the fuel 
14,000 units, the temperature of the feed water 182°, and the efficiency of 




ENGINE EFnCtENCY. THE CARNOT CYCLE 309 

the boiler 70 per cent. Find: (a) The pounds of slcam per I.H.P. per 
hour, (b) The pounds of water evaporated per pound of coal, (c) The 
pounds of coal per I.H.P. per hour. 

Anj. (a) 23.97 pounds, (b) Q.76 pounds, (c) 2.46 pounds. 

8. Diameterof cylinder, 14 inches; stroke, 13 inches; cut-oS, 0.25 of the 
stroke; clearance, 5 per cent; initial absolute steam pressure, qs pounds; 
back pressure, 17 pounds; revolutions per minute, 300. The specific 
volume of steam at g$ pounds pressure is 4.65 cubic feet, and it is eirpected 
that 0,9 of the theoretical mean effective pressure will be realized. Find 
the weight of steam usedperl.H.P. pier hour. Aiis. 22.47 pounds. 

Q. A simple expansive engine with jacketed cylinder uses steam of 
go pounds absolute pressure, and exhausts against an absolute back pressure 
of 18 pounds. The clearance of the cyhnder is 10 per cent, and steam is 
cut off at one-quarter stroke. The weight of a cubic foot of steam at 90 
pounds pressure is 0.2044 pound, the latent heat is 893 units, and the total 
heat is 1184.4 imits. Using a mean pressure factor of 0.77, it is required to 
find: (a) The weight of steam used in the cylinder per I.H.P. per hour, 
(b) The weight of steam liquefied in the jacket per I.H.P. per hour, and its 
equivalent from a fi-cd-watcr temperature of 132°. (c) The efficiency of 
the engine. Ans. (a) 29,54; (b) 2.13; 1.75; (c) 7.5 per cent. 

10. With a jet condenser the temperature of the exhaust steam is 160°, 
of the injection water 60°, and of the mixture in the condenser 110°. Find 
the weight of injection water per pound of exhaust steam. 

Ans. 21 pounds. 

11. With a surface condenser the temp>erature of the exhaust steam is 
170°, and of the condenser 126°. The injection water enters at a temper- 
ature of 60° and is discharged at 85°. Find the weight of injection water 
per pound of exhaust steam. Ans. 41.56 pounds. 




CHAPTER XIV 
DBSIGN OF SIMPLB AND COMPOUND ENGINES 

185. Engine Design. — The design of an engine of a particular 
type is based on expected results derived from a study of the 
best examples of that type in successful practice, the designs of 
which are known. For example, with a given style of valve it 
is known that clearance may be confined to a certain minimuAi 
percentage of the cylinder volume for each type of engine; 
also for a given initial pressure the terminal pressure mtist be so 
chosen that the consequent approximate steam consumption per 
unit of power may be regarded as economical for the type. ¥(x 
wy design the stroke of the piston and the piston speed are 
|>rtdetermined. 

i86« Size of Cylinder for a Given Power. — The diameter of 
ihc cylinder of an engine depends upon the piston speed and the 
uu*%iu cffiVtive pressure permissible in obtaining the given power. 

't*hc nican pressure depends upon the initial pressure and the 
liilio \>i exi^msion and may be calculated by means of the formula 

^ _ hK^ '^ ^^hrJL (see page 254). The mean pressure thus 

i^lMaiiKxl nxiikes no allowance for wire-drawing, release, and 
iOiupu.vUitn, so that a factor designed to cover these losses must 
U* .44>lii\l li» get the mean pressure to be expected, and from 
iluM mu.^l U^ vUhUu ted the back pressure in order to get the mean 
liluiiw* i^icviure. 

I he MK r. derived theoretically is never realized in practice, 
li^^au-A- ihciv iire always causes which make the mean effective 

liU'.<iUiv luuuil from the indicator diagram less than that due 

310 
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& the initial pressure and ratio of expansion used in the design 
of the engine. The principal causes which make the actual 
M.E.P. less than that theoretically due to the initial pressure 
and ratio of expansion are: Wire-drawing, liquefaction in the 
cylinder, release of the steam before the piston arrives at the 
end of the stroke, clearance, compression, back pressure, and 
drop in stage-expansion engines. 

These causes have not the same effect in all cases, but expe- 
rience has shown that a factor depending upon the type and 
working conditions of the engine may be applied to the theoreti- 
cal M.E.P. obtained in any case and the result be taken as the 
M.E.P. to be expected. There is substantial agreement among 
authorities as to these M.E.P. factors and they may be taken for 
the different types of engines as follows: 

For slow-running pumping engines, from 0.95 to 0.98; for 
high-speed stationary engines, from 0.90 to 0.95; for two-stage- - 
expansion stationary engines, from 0.75 to 0.85; for triple- 
expansion engines of the mercantile marine, from 0.60 to 0.65; 
for triple- expansion engines of war vessels, from 0.55 to 0.60. 

187. Piston Speed. — The speed of the piston is determined 
from considerations of convenience, the type of engine, and the 
nature of the work to be done. It depends, of course, upon the 
length of the stroke and the number of revolutions, and is ex- 
pressed in feet per minute, The mean piston speed is equal 
to the number of re\olutions per minute multiphcd by twice 
the length of the stroke in feet. Experience has shown that a 
good piston speed for slow pumping engines is from 125 to 175 
feet per minute; for high-speed stationary engines, from 500 to 
650 feet; for marine engines, from 750 to 1050 feet; for loco- 
motives, from 1000 to 1200 feet; and for torpedo-boat engines 
a piston speed as high as 1200 feet has been attained. 

188. Stroke. — There is no standard rule for determining the 
stroke of an engine, but the local conditions as to space is some- 
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times the controlling influence in determining it. Strokes of 
stationary engines vary from 8 inches to 60 inches, and those of 
marine engines from 18 inches to go inches. 

185, The Indicator Diagram in Preliminary Design. — In the 
design of a sleam engine to produce a required power it is cus- 
tomary to predetermine the stroke of the piston, the piston 
speed, and the initial steam pressure. From this data it is 
possible to determine by means of the properties of the indicator 
diagram the steam consumption per I.H.P per hour to be ex- 
pected from the engine and thus get an intelhgent idea of the 
efficiency of the design. It may be found necessary to change 
some of the predetermined data in order to secure greater effi- 
ciency, but when satisfied in this particular the resulting pre- 
liminary diagram furnishes the data for the design of the valve 
and for the determination of the cylinder diameter. 

Example I. — It is desired to design a high-speed non-condens- 
ing engine to develop 50 I.H.P. while running at the rate of 
375 revolutions per minute. It is predetermined that the stroke 
of the piston shall be 10 inches, and the initial absolute steam 
pressure in the valve chest 105 pounds per square inch. It is 
assumed that a careful design of the steam and exhaust passages 
will confine the clearance to 2.5 per cent of the volume of the 
cylinder, and to secure smooth running of the engine at the 
intended speed a final absolute pressure of compression of 
80 pounds will be desirable; it is also fairly assumed that a 
back pressure of 18 pounds (3 pounds above the atmospheric 
pressure) will be maintained. It is required to find by means of 
a preliminary indicator diagram the point of cut-off, the point 
of exhaust closure, and the diameter of the cylinder. 

Solution. — Let 

L = length of stroke, 

a = part of stroke completed up to cut-off, 

b = distance of point of exhaust closure from end of stroke. 
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c = clearance in percentage of cylinder volume, 
p\ = absolute initial pressure in pounds per square inch, 
/>2 = absolute terminal pressure in pounds per square inch, 
pz = absolute back pressure in pounds per square inch, 
pc = absolute terminal pressure of compression in pounds 

per square inch, 
p^ = M.E.P. = mean effective pressure in poimds per 

square inch, 
f = ratio of expansion, 
fc = ratio of compression, 
V\ = volume of steam admitted to cylinder and clearance 

up to cut-off, 
% = volume of steam in cylinder and clearance at end of 

stroke. 

Taking the steam consumption per unit of power as a measure 
of the economy of the engine, and regarding the terminal pres- 
smre p^ as an exponent of the steam consimiption, we will first 
determine the terminal pressure to be used in the design. This 
may be done with sufficient accuracy by means of the empirical 

formula Q = ^IfL ^^ ^ , in which Q is the mmiber of pounds 
^ M.E.P. ^ ^ 

of steam consumed per I.H.P. per hour. 

Assuming first a terminal pressure of 30 poimds absolute, 
we will have r = -^Y" = 3-5» ^^^ ^^Z* ^^ which is 1.2528, and we 
shall have 

/>m = /^ (i + log^r) = 30 X 2.2528 = 67.584 pounds. 
Theoretical M.E.P. = (67.584 — 18) 0.9 = 44.63 poimds. 

Then Q = 34 X 30 + 23 ^ ^^^^ pounds 

44-63 . 

of steam per I.H.P. per hour with a terminal pressure of 30 
pounds. 
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We will try a terminal pressure of 28 pounds. TTien r = 
^^' = 3.75, the log, of which is 1.3218, and we shall have pm = 
28 X 2.3218 = 65 pounds. 

Theoretical M.E.P. = (65 — 18) 0.9 = 42.3 pounds. 

Then Q = 34 X 28 + 23 ^ ^^ pounds 

42-3 

of steam per I.H.P. per hour with a terminal pressure of 28 
pounds. 

As will be shown later, a theoretical consumption of 23 pounds 
of steam per I.H.P. per hour indicates an actual consumption 
of about 30 pounds, a result that exp>erience has shown to be 
fairly economical for the simple expansive non-condensing 
type of engine, so we will take the terminal pressure p2 as 
28 pounds. 

In Fig. 139 assume for convenience that 00\ 3 inches in 
length, represents the volume of the cylinder, and denote it by 
L, Then the clearance volume will be represented by 00'' = 
0.025 L = 0.025 X 3 = 0.075 ^^ch to the same scale that 3 inches 
represents the volume of the cylinder. To a pressure scale of 
I inch = 40 pounds erect 0"£ perpendicular to 0''0' and make 
it -^4^" inches in length to represent the absolute initial pressure 
of 105 pounds. Then O^^O^ and 0"£ are the lines of no pressure 
and fio volume. 

The expansion being assumed hyperboKc, we shall have piVi = 
/Kji'2 in which Vi is the initial volume of steam of pressure pi, and 
tv, the terminal volume of pressure po- That is, 105 i^ = 28 X 
3.075, whence Vi = 0.82 inch, which includes the clearance. On 
a parallel to 0"0' through E lay off.£G, making it 0.82 inch in 
length. Erect OF perpendicular to 0^'0\ Then, EF = c and 
FCi = a = 0.S2 -- 0.025 = 0-745 inch, and G is the point of 
cut-otT; that is. the cut-otT takes place at ^•- X 0.745 = 2.483 
inches from commencement of stroke. 
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At O' erect O'E perpendicular to 0"(y making it \% inch in 
length to represent the terminal pressure of 28 pounds. Con- 
struct the hyperbolic expansion curve GU. 

The volume of steam of Pi pressure remaining in the cylinder 
at the moment of the exhaust closure on the return stroke must 
be compressed into the clearance space to a pressure p, = Za 




Fio. 139. 



pounds. Then we shall have p^% = p^v^, or 18 is = 80 X 0.075, 
whence Vt = 0,333 •°c'*i which includes the clearance; hence b = 
0.333 — 0.075 = 0-258. That is, the exhaust closes at 0.258 X 
^ = 0.86 inch from end of stroke. 

Make ON = h = 0.258 inch. Then MK . i - fr = 3 - 
0.258 = 2.742 inches, r = Y^ = 3.75, the log, of which is 
1.3218; and fe = 4S = 4-44, the log. of which is 1.4907. 

Denote the area FGHMKR by ^, the area EFRW by B, the 
area WRKNO" by C, and area KMCTN by D. 



1 
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40 

105 X 0.82 X 2.3218 o • u 

= — *2 »2 — -. 4.998 square inches. 

40 

Area B == -^ — ^ = 75 \^ 5 ~ — I = 0..460 square inch. 

40 40 

^j.ga C = /^ct^c (i + log, fr) ^ 80 X 0.075 X 2.4907 

40 40 

= 0.3736 square inch. 

Area D = ^^ ^ = '-^^ = 1-2339 square inches. 

40 40 

Area^ = Area (A +B+C+D) - Area (B+C + D) 

= 4.998 - (0.0469 + 0.3736 + 1.2339) = 3-3436 sq. ins. 

Length of mean ordinate of Area A 

Area^ S-^4^6 . , 

= — - — = ^ ^^^ = 1.114s inches. 

L 3 ^ 

M.E.P. = I.I 145 X 40 = 44.58 pounds, the pressure scale 
being 40 pounds to the inch. 

This calculation has eliminated the losses from compression, 
clearance, and back pressure, so that a mean pressure factor 
of 0.95 will be used to allow for losses from wire-drawing and 
release, giving 44.58 X 0.95 = 42.351 pounds as the M.E.P. to 
be expected. 

Theoretical />« from the expansion curve to the zero lines of 
pressure and volume = />2 (i + log«r) = 28 X 2.3218 = 65 
pounds. 

Theoretical M.E.P. = 65 — 18 = 47 pounds, which does not 
include the losses from compression, clearance, wire-drawing 
and release, so that a mean pressure factor of 0.9 will be used, 
giving 47 X 0.9 = 42.3 as the M.E.P. to be expected. The 
mean of these two pressures is 42.325 jx^unds, which will be used 
in determining the diameter of the cylinder. 
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Area of piston ^ ^oX 33.ooo ^ 5^ X 33,000 X 12 

2 pJ^N 2 X 42-325 X 10 X 375 
= 62.376 square inches. 

Adding 0.884 square inch for the half -section area of a 1.5-inch 
piston rod, we have 63.26 square inches as the net piston area. 

Diameter of cylinder = V ""^ — = 8.975, say, 9 inches. 

^ 0.7854 

The mean pressure factors used in the aboye calculations were 
determined as follows: It was assmned that the shaded areas 
FGN and THM of Fig. 140 would represent losses from wire- 




.FiG. 140. 

drawing and release respectively, and as planimeter measure- 
ments showed these areas to be 0.165 square inch, which is 
5 per cent of the area A, it follows that the M.E.P. factor of 
0.95 would make the proper allowance for losses from wire- 
drawing and release. Similarly, the theoretical M.E.P. above 
the back pressure of 18 pounds made no allowance for the losses 
from compression, clearance, wire-drawing, and release. These 
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losses are represented by all the shaded areas of Fig. 140, and 
their measurement shows them to be a trifle more than 10 per 
cent of the area EGHMS, hence the M.E.P, factor of 0.9 was 
used. 

The properties of the indicator diagram could have been 
employed in the solution of the problem of Example I without 
the aid of a scale drawing, thus: 

Draw the diagram of Fig. 141, regardless of scale. 




We find the ratio of expansion 3.75 and the ratio of compression 

4.444 as before, c — io X 0.025 ~ °-^5 inch. 
Since pv = constant, we have 

105 ((J + o-2s) = 28 (10 + 0.25), 
whence a = 2.483 inches cut-off from commencement of stroke. 
And 80 X 0.25 = iB(b + 0.25), 

whence b = 0.861 inch; that is, the exhaust closes at 0.861 inch 
from end of return stroke. 
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The areas expressed in work units are as follows: 

Area {A +B +C + D) -- piVi(i + log.r) 

= 105 (2.483 + 0.25) (i + 1.3218) 
= 666.275 inch pounds. 
Area B ^ c{pi- pc) = 0.25 (105 - 80) 

= 6.25 inch pounds. 
Area C = pcVc (i + logeO = 80 X 0.25 (i + 1.492) 

= 49.84 inch pounds. 
Area D = pz (10 — 6) = 18 (10 — 0.861) 

= 164.502 inch pounds. 
Area A = Area {A +B +C -^ D) - Area {B + C+D) 

= 666.275 — (6.25 + 49.84 + i64.5t)2) 

= 445.683 inch poimds. 

M.E.P. = — ;: — = ^^^ — ^ = 44.5683 pounds, as before. 

L 10 

The disadvantage of this method is that the theoretical indi- 
cator diagram of the engine is not presented for inspection. In 
all designs the diagram should be drawn to scale, and this shorter 
method used as a check to results. 

190. Steam Consumption per I.H.P. per Hour. — Engines of 
different sizes and types do not use the same weight of steam in 
the development of a given power, but each type, with proper 
design and working under known conditions, may be expected 
not to exceed a certain maximum steam consumption per unit 
of power. The question of steam consumption, while not an 
exact measure of the efficiency of an engine, is of prime impor- 
tance in engine design, as it is the leading factor in the determi- 
nation of the boiler capacity required in any particular case. 

Suppose, for example, in the design of a boiler to supply steam 
for a given engine, it is assumed that 20 poimds of coal will be 
consxuned on each square foot of grate surface per hour and 
that each pound of coal will evaporate 8 pounds of water. We 
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shall then have so X 8 = i6o pounds of water evaporated per 
hour per square foot of grate surface. If the ratio of grate sur- 
face to heating surface be i to 32, this would mean an evapora- 
tion of ^s-r = 5 pounds of water per square foot of heating 
surface per hour; and if the weight of the boiler, including its 
water, be taken at the fair estimate of 25 pounds per square foot 
of heating surface, we would have ^^- = 5 pounds weight of 
boiler for each pound of water evaporated per hour. In other 
words, for each pound of steam saved at the engine per I.H.P. 
per hour there would be a saving of 5 pounds in boiler weight, 
which, for 200 I.H.P., would mean a saving of rooo pounds. In 
marine practice, 'vhere the I.H.P. runs into thousands, the saving 
of a pound of steam per I.H.P. per hour by proper engine design 
means the saving of from 20 to 40 tons in boiler weight, increas- 
ing by that amount the cargo capacity of a merchant ship or, 
in the case of a war vessel, permitting an increase in the weight 
of armor or of an increase in its steaming radius by giving it a 
greater coal-carrying capacity. 

Taking the steam consumption per I.H.P. as the measure of 
the performance of an engine, independently of the boiler, a com- 
parison of this consumption with that of the ideal engine working 
between the given extremes of temperature h and i» is a measure 
of the economy of the engine. 

The efficiency of the ideal engine, as we have seen, is — ■ ^i 

(1 + 461 
and since the production of one I.H.P. per minute requires the 
expenditure of ^yg^ = 42.42 thermal units, it follows that the 
minimum expenditure in the ideal engine to produce one IJU. 
^•' ^^ ^ l,-h ^ 42.42 Ui +461°) 

''^"'^ ' It +461° 'i-k 

thermal units per minute. 

If i7„ denotes the units of heat required to produce one pound 
of steam from the temperature // of the feed water and at the 
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I -J _ 60 [42.42 (<i +461°)] 

60 [42.42 (fi + 461°)] 

" [1091.7 + 0.30s {ti - 32°) - {t, - 32°)] [(, - (jf 



temperature ti of the steam, and if Q denotes the number of 
pounds of steam per I.H.P. per hour, then, for the ideal engine, 

Kill have 
values of Q for condensing and non-condensing engmes' 
given in the table below were computed by the formula just 
given, the results showing a marked gain in efficiency due to the 
use of the condenser. With the condensing engine the feed 
water was assumed to have been taken from the condenser at 
a temperature of 140° and with the non-condensing engine it 
was assumed that the feed water was heated to a temperature 

of 232°. 



STEAM CONSUMPTION OF THE IDEAL 
PER HOUR. 


ENGINE PER I.H.P. 


pnantt. poundi per 


■■ 


d^^<^^' 


c^''d««^.'ii.SS';. 


70 

^1 


303° 
320° 
33s 

373 
401 


9 

9 

8 
S 
7 


18 lbs 

33 lbs 
6s lbs 
»11« 
83 lbs 
37 lbs 
67 lbs 




14.38 lbs. 
lo.sj lbs. 
18.03 lbs. 





Since the relative efficiencies of non-condensing and condens- 
ing engines do not vary much from 70 per cent and 52 per cent 

of the ideal efficiencies respectively (see Art, 178), we may 

expect a consumption of — ^ = 29.3 pounds of steam per 
I.H.P, per hour for the ordinary non-condensing engine, and a 
consumption of ^^ = 14.7 pounds for the triple-expansion 
type of engine commonly used. Assuming the boiler to evapo- 
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rate 8.5 pounds of water per pound of coal, these figures would 
indicate a coal consumption of 3.45 pounds of coal per I.H.P. 
per hour for the non-condensing engine, and 1.73 pounds for 
the triple-expansion condensing engine. These results agree 
closely with those obtained in actual practice. 

191. Measurement of Steam Consumption from the Indicator 
Diagram. — The volume of the cylinder is that cylindrical volume 
whose diameter is the diameter of the piston and whose altitude 
is the length of the stroke, and the clearance volume consists 
of the volume of the steam passage from the valve chest to the 
cylinder and of that space between the piston and the cylinder 
head when the piston is at the end of its stroke. The volume 
of steam available for use at any point of the stroke is therefore 
•equal to the volume displaced by the piston up to that point 
plus the volume of the clearance space. If the point be taken at 
cut-oflf, or at any point after cut-off, and the volume be multi- 
plied by the specific weight (weight per cubic foot) of the steam 
at the absolute pressure at the point, the product will be the 
weight of the steam in pounds; deducting from this the weight 
of steam retained in the cylinder by the closure of the exhaust on 
the return stroke and which is compressed into the clearance 
space, we get the weight of steam used per stroke. If the weight 
of steam expended per stroke be multiplied by the number of 
strokes per hour and the product be divided by the indicated 
horse-power of the engine, the quotient wiQ be the number of 
pounds of steam used per I.H.P. per hour. 

Since the clearance volume is always expressed in terms of 
jx^rcentage of the cylinder volume, it follows that all the quan- 
tities involved in the measurement of the volume of steam 
supplied to the cylinder have the cross-section area of the cylinder 
as a common factor, so that this factor mav be omitted and each 
of the volume quantities be represented on the indicator dia- 
gram by its linear dimension. 
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To estimate the steam consumption per I.H.P. per hour of an 
engine from the diagram used in its preliminary design we pro- 
ceed as follows : 

Let A denote the area of the piston in square inches and let 
a, by Cy and L of Fig. 142 be expressed in feet. At the moment 




Fig. 142. 



of cut-oflf the volume of steam at pressure pi within the cylinder 
and clearance is — ^^ cubic feet, and if wi denotes the 



144 



weight of a cubic foot of steam at pressure pi the weight of 
this steam is — ^^ — pounds. At the moment of exhaust 



144 



closure the weight of steam at pz pressure within the cylinder 
and clearance is — ^^ ^ — - pounds, Wz denoting the weight 



144 



of a cubic foot of steam at pressure pz. This latter weight of 

steam is not allowed to escape in the exhaust but is compressed 

into the clearance space and used again during the next stroke 

r ^v . ^i^ ^ A (a + c)wi A (b + c)wz . .1^ . , . 
of the engine, so that — ^^ — ■ — - — ^^ ^ — - is the weight 



144 



144 
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of steam used by the engine per stroke. If N denotes the n 
ber of revolutions of the engine per minute, then 



L 144 144 J 



60 X 2N A 

144 



[ia+c}wi~ib+c)wt\ 



is the weight of steam used per hour, and 

J20NA , 
144 



p. I L 



c)wt 



b + c)wi \ 



is the expression for the number of pounds of steam used by the 
engine per hour per I.H.P. 

The volume fractions — -— and — - — are constant as long as 

a, b, c, and L are measured in the same units, so if these vol- 
ume fractions be denoted by xi and Xi respectively, we shall have 
Pounds of steam per I.H.P. per hour= - ^'i^ - {x^Wi — xiwz), 

an expression general in its application and entirely independent 
of the size and speed of the engine. That is, if the indicator 
diagram of an engine be given and its pressure scale be known, 
an approximation of the steam consumption of the engine per 
I.H.P. per hour may be made by means of the formula just 
given. The points of cut-off and exhaust closure, the clearance 
c, and the mean effective pressure p, may be found from the 
diagram very approximately, and then, since the length of the 

diagram is directly proportional to L, the volume fractions—^ — 



of course, are measured from the diagram and the correspond- 
ing weights per cubic foot Wi and wz are taken from a table of 
the properties of steam. 
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In the case of the engine of Example I we found from Fig. 139, 

partly reproduced in Fig. 143, that Xi = "' J ^ =£:_£ = 0.273, 

and xa = — r— = -^^^ = o.iii, and from the table of the prop- 
L 3 ' 

erties of steam we find Wi and Wt corresponding to pressures 




Fig. i«. 

of 105 pounds and iS pounds to be 0.238 pound and 0.04547 
pound respectively. 
Then, for the engine of the example, we shall have 
Steam per I.H.P. per hour 

= ^^^^^(0.273 X 0.238 -O.III X 0.04547) 
= 19.47 pounds. 

The measurement was made at the point of cut-off, but it 
might have been made at any other point of the stroke, as, for 
example, at U where the pressure measures 84 pounds. The 
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ratio ^jy is found to be 0.341 and the weight of a cubic foot of 

steam at 84 pounds pressure is 0.193 poimd. Then 
Steam per I.H.P. per hour 

J -7 Y CO 

= ^''^ (0.341 X 0.193 "■ o-m X 0-04547) 

42.325 
= 19.74 pounds. 

The consumption of steam per I.H.P. thus obtained isTbased 
on the weight of steam shown by the indicator diagram to have 
left the cylinder in the exhaust, but it does not include the waste 
of steam due to liquefaction in the cylinder, radiation and other 
causes of loss. The result though is valuable as a means of 
comparing one engine with another when working imder like 
conditions, or of comparing the performance of the same engine 
working under different conditions. The consumption of steam 
shown by indicator diagrams is always less than the quantity 
actually passing through the cylinder, the conditions of actual 
practice being such that from 10 per cent to 40 per cent, depend- 
ing upon the type of engine, should be added to obtain results 
approximately correct. 

Since there is always water in the cylinder at the point of 
cut-ofif, and since more or less of the water in the cylinder due 
to liquefaction is re-evaporated into steam as the piston advances, 
the quantity of steam in the cylinder varies .during the stroke. 
In stage-expansion engines the steam used in the L.P. cylinder 
first passes through the H.P. and I. P. cylinders, and conse- 
quently the steam consumption of the H.P. cylinder will be the 
measure of the consumption of the whole engine. If the measure 
be taken also from the diagrams of the intermediate and low- 
pressure cylinders, as it should be for purposes of comparison, 
it will be found that the result from the high-pressure diagram 
will be the greatest. The difference in the results may be taken 
as a fair measure of the loss in transmission. 
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F the measurement of the steam consumption of the engine 
of Example I be taken at H. Fig. 143, the termination of the 
expansion curve, the volume of steam then in the cylinder and 
clearance at the terminal pressure O'H is PH = <y'0'. If JiC be 
the point in the back-pressure line where the exhaust closes and 
compression begins, then 0"A' is the volume of steam of pressure 
NK that is retained in the cylinder for compression and does 
not escape. Tliis volume when compressed to the pressure O'U 



is PS, therefore 



SH 



i the percentage of the volume of the 



steam of terminal pressure found in the cylinder and clearance 
at the end of the stroke that escapes in the exhaust. If we 
denote the ratio ■ ,,- -7 by x^, the weight of a cubic foot of steam 

of the theoretical terminal pressure by vh, and a percentage 
factor by K, then experience has shown that the actual steam 
consumption is given verj' approximately by the expression 

Pounds of steam per I.H.P. per hour = ^''^ (i + A"). 

P' 

The values for A' are well defined for different types of engines 
and may be taken as follows : 

For single-cylinder non-condensing engines, 40 per cent; for 
single-cylinder condensing engines, 30 per cent; for non-condens- 
ing compound engines, 25 per cent; for condensing compound 
engines, 20 per cent; and for triple-expansion engines, 10 per cent. 
SH . 

to be 0.93, and the weight of a cubic foot of steam of the theo- 
retical terminal pressure of j8 pounds is found from the table 
.to be 0.069 pound. Then for the single-cylinder non-condensing 
engine of Example I, we shall have 
Steam per I.H.P. per hour 

^ 13.750 X 1.4 X 0.069 X O.Q3 ^ 
42.325 



4 




= 39.19 pounds. ^^^1 
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Example II. The Preliminary Design of Stage-expansion 
Engines. — It is desired to design a non-condensing cross-com- 
pound engine to develop i6o I.H.P. It is predetermined that 
the absolute initial steam pressure shall be 150 pounds, the 
stroke 14 inches, the revolutions per minute 260, and that the 
L,P, 



It is fairly assumed that an absolute back pressure of 18 pounds 
will be maintained, and that a careful design of the valve and 
steam passages will confine the H.P. clearance to 5 per cent and 
that of the L.P. cylinder to 3 per cent. 

Since the power of a stage-expansion engine is measured by 
the size of the low-pressure cylinder, its dimensions are first to 
be determined, and in doing so we regard the terminal pressure 
in that cylinder as an exponent of the steam consumption. 
The first step will be to decide what the L.P. terminal pressure 
shall be in order that the engine when designed shall be economical 
in the use of steam. 

Assume a trial terminal pressure of 26 pounds in the L.P. 
cylinder. We shall then have ^^- = 5.77 as the ratio of expan- 
sion, assuming the whole of the expansion to take place in the 
L.P. cylmder. Then 

Pm = ptit + iog.r) = 26 X 2.7527 = 7I-S7 pounds. 
Expected M.E.P. = (71.57 - 18) 0.85 = 45.53 pounds. 
_ 34 X 26 -F 23 ^ 
45'53 

of steam per I.H.P. per hour, the terminal pressure in the L.P. 
cylinder being 26 pounds. This result indicates an actual con- 
sumption of 19.92 X 1. 25 = 24.9 pounds (see page 327), which 
is rather large, so a terminal pressure of 23 pounds will be tried. 
Thus J. _ .^y. = 6.522, the log, of which is 1.875, 

/>« = 23 X 2-875 = 66.125. 



Then Q 



, 34 fc + 23 . 
M.E.P. 



= 19.92 pounds 
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^ted M.E.P. = (66.125 ~ iS) °-^5 = 40-9 pounds. 

g ^ 34 X 2j + ij ^ 19.6S pounds 
40.9 

of steam per I.H.P. per hour, indicating an actual consumption 
of 19.68 X 1.25 = 24.6 pounds. This result may be regarded 
as fairly good for the non-condensing compound type of engine, 
so a terminal pressure in the L.P. cylinder of 23 pounds will be 



Assume for convenience that 00', Fig. 144, 4 inches in length, 
represents the stroke volume of the L.P. cylinder of the required 
engine, and denote it by L. Then the clearance volume of the 
L.P. cylinder will be represented by 00" = 4 X 0.03 =0.12 
inch and will be denoted by k. To a pressure scale of 1 inch = 
40 pounds erect 0"£ perpendicular to 0"0', making it Yij" inches 
in length to represent the absolute initial pressure of 150 pounds. 
Then 0"0' and 0"E are the lines of no pressure and no volume 
respectively. Erect O'H perpendicular to 0"0' and make it 
IJ inch long to represent the terminal pressure of 23 pounds. 
On O'U take the point M so that O'M measures ^f inch to repre- 
sent the back pressure of 18 pounds. Then MU' parallel to OO" 
will be the exhaust line, or line of back pressure. Assuming the 
exhaust to close at 85 per cent of the stroke, make MK equal to 
TuV of the stroke 00'. 

The expansion curve GH may now be constructed, its terminal 
point // and rectangular asymptotes 0"E and 0"0' being known. 
Construct also a part AT of the compression curve. 

In Art. 14S, page 343, it was shown that, for the total ratio 
(i + c) ■ 



of expansion for stage -expansion engines, r = 
shall then have 



We 



L 



_ 3-6.S('l +0-0.S) 
a -f Q.05 
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That is, the cut-oflf in the H.P. cylinder takes place at 53.76 per 
cent of stroke. 
The volume of the H.P. cylinder will be represented by 




365 



Fig. 144. 

= 1.096 inches to the same scale that 4 inches represents 



the volume of the L.P. cylinder. The H.P. clearance volume 
will be represented by 1.096 X 0.05 = 0.0548 inch, and 1.096 X 
0*5376 = 0.5892 inch represents the part of the H.P. stroke 
completed up to cut-off. Then 

Vi = a +c = 0.5892 + 0.0548 = 0.644 inch = EG, 
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proving the accuracy of the construction of the expansion 
curv^e. 

Denoting the ratio of expansion in the H.P. cylinder by ri, 
we shall have 

1.006 + 0.0548 I + 0.05 

^1 = — f — ; ^ = ^-79, or ri = -—-^ — = 1.79. 

0.5892 + 0.0548 0.5376 + 0.05 

As the receiver pressure is controlled by the cut-off in the 
L.P. cylinder, we will try a receiver pressure of 48 pounds. For 
equality of power in the cylinders the pressure multiplied by 
the volume of steam given to the H.P. cylinder must equal the 
pressure multiplied by the volume given to the L.P. cylinder; 
that is 

150 (0.5892 + 0.0548) = 48 a:, whence x = 2 inches, 

which represents the volume of steam in the L.P. cylinder and 
clearance when cut-off takes place. Denoting the ratio of expan- 
sion in the L.P. cylinder by r2 we have 

4-12 ^ 

f2 = = 2.00. 

2 

Theoretical Pm in H.P. cylinder 

^ 150(1+ log. 1.79) = ^50 X 1.5822 ^ ^ ^^g ^^^^^ 
1.79 1.79 

Assuming that friction in the exhaust passages of the H.P. cyl- 
inder will occasion a back pressure of 2 pounds we shall have 

Theoretical M.E.P. in H.P. cylinder = 132.58 — 50 = 82.58 
pounds. 

Using a mean pressure factor of 0.85 to allow for losses due to 
wire-drawing, release, and compression, we have 

Expected M.E.P. in H.P. cylinder = 82.58 X 0.85 = 70.19 pounds. 

M.E.P. in H.P. cylinder referred to L.P. piston = ^-t-^ = 19.23 
poimds. 
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Theoretical ^« in L.P. cylinder 
48(1 +loK,2.o6) _ 



2.06 



i X 1.7227 _ 



i pounds, 

8) 0.85 = 18.82 



Expected M.E.P. in L.P. cylinder = (40.14 - 
pounds. 

For equality of power in the cylinders the M.E.P. in the L.P. 
cyhnder and the M.E.P. in the H.P. cylinder referred to the L.P, 
piston should be equal. In this instance there is a difference 
in these pressures of only 19.23 — 18.82 = 0.41 pound, insuring 
the practically equal division of the power between the cylinders. 
Had there been a difference of upwards of 0.5 pound in these 
pressures it would have been necessary to choose another 
receiver pressure to bring them nearer equality. The choice of 
the receiver pressure to equalize the mean effective pressures 
referred to the L.P. piston is based on these considerations: 

An increase in the receiver pressure will increase the back 
pressure on the H.P. piston and therefore decrease the M.E.P. 
in the H.P. cylinder, whereas the same increase in receiver pres- 
sure will increase the M.E.P. in the L.P. cylinder by reason of the 
consequent increase of the initial pressure in the L.P, cylinder. 

The total calculated M.E.P. referred to the L.P. pistonis 
then 19.23 + 18.82 = 38.05 pounds. 

Returning to Fig. 144, lay off the distance EF = c = 0.0548 
inch to represent the clearance volume of the H.P. cylinder. 
Draw FU parallel to EO", the point U being |§ inches from 
0"0' to correspond to the back pressure of 50 pounds on the 
H.P. piston. Lay off UM' parallel to 0"0', making it 1.096 
inches long to represent the volume of the H.P. cylinder. At 
M' erect a perpendicular to UAf, producing it to intersect the 
expansion curve at H'. The area FGH'M'U is the theoretical 
indicator diagram for the H.P. cylinder. As a test of the accu- 
racy of the construction the point H' is 
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Pit shoiJd be to correspond to the terminal pressure ^ = —^— 

n 1.79 

= 83.8 pounds in the H.P. cylinder. 

For the theoretical diagram of the L.P. cylinder, erect OF' 
perpendicular to 0"0', making it 45 inches in length to corre- 
spond to the receiver pressure of 48 pounds. From F' draw a 
i parallel to 0"0', producing it to its intersection C with the 
' expansion curve. Then the area F'G'HMU' is the theoretical 
indicator diagram for the L.P. cylinder. As a check to the 
accuracy of this construction, the line F'C measures 2 — o.ia = 
1.88 inches, as it should do to represent the volume of the L.P. 
c>-linder up to the point of cut-oft. 

The gap between the diagrams at E'C illustrates the loss 
from drop between the cylinders. 

The areas of the H.P. and L.P. diagrams are found by ptanim- 
' eter measurements to be 2.23 and 2.24 square inches respec- 
tively, but only 0,85 of each of these areas may be expected to 
be realized, owing to the losses from wire-drawing, release, and 
■ compression. 

To reduce the expected area of the H.P. diagram to pressure, 

we have -^-^ r^-^ = 1:73 inches as the length of the mean 

1.096 

I ordinate, so that the M.E.P. from the H.P. diagram is 1.73 X 
, 40 = 69.2 pounds, the pressure scale being 40 pounds to the 
inch. When referred to the L.P. piston the M.E.P. from the 
H.P. diagram becomes -^^ = 18.96 pounds per square inch. 
The area of the L.P. diagram when reduced to pressure becomes 

■■ ' ^ ■■ — ^-^ — = 19.04 pounds per square inch, so that the 

4 
total M.E.P., obtained from the diagrams and referred to the 
;L.P. piston, is 18.96 + 19.04 = 38 pounds per square inch. 
The expected M.E.P. due to the initial pressure of 150 pounds 
md the total ratio of expansion of 6.522 is 




_!•_■ 



1 
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[- 150(1+10^,6.522) _ ^gi g^ _ ^ ^ p^^^^ 

L 6.522 J 

The total M.E.P. obtained by calculation was 38.05 pounds, 
and the mean of the three mean effective pressures is 

38+40.9+38.05 _ ^g^ ^^^ 

This M.E.P. will be used in determining the dianoeter of tbe 
L.P. cylinder. 

Area of L.P. piston - ^^^ 33^^ « l^o^?^^^" 

^ 2pJLN 2 X 38.98 X 14 X 260 

>" 223.28 square inches. 

Adding 1.99 square inches for the half-section area of a 2.25-indi 
piston rod, we have 225.27 square inches as the net area of the 
L.P. piston. 

Diameter of L.P. cylinder « y — ^-^ = 16.94, say, 17 indies. 

▼ 0.7554 

We have 

Volume L.P. cylinder + volume clearance 
Volume H.P. cylinder + volume clearance 

_ L.P. piston area (1 + k) ^ ^ 
H.P. piston area (i + c) 
whence 

Area of H.P. piston = — ^ '-^ = 60 square inches. 

3.65 X i.os 

Net area of H.P. piston = 60 + 1.99 = 61.99 square inches. 

Diameter of H.P. cylinder = \/ — ^2- — 8.884, say, 9 inches. 

▼ 0.7854 

From H, Fig. 144, draw a parallel to (y'Cy to its intersection 

S with the compression curve KT, Then HS represents the 

volume of steam of p2 pressure expended per stroke. The ratio 

SH 
„ , is foimd by measurement to be 0.867, ^md the weight of 
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a cubic foot of steam at 23 poiinds pressure is found from the 
the steam table to be 0.05676 pound. Then 

Steam per I.H.P. per hour 
^ 13,750X0.867X0.05676X1.25 ^ ^^^ 

38.98 ' ^ 

The temperatures of steam at pressures of 150 poimds and 
of 23 pounds are 358.5® and 235.5® respectively, so that we shall 
have 

Ideal eflSdency = \ ^ = ^^r — r^r^ = 0.15, or 15 per cent. 

/1+461 358.5 +461 

It is reasonable to suppose that the boiler will evaporate 
8.5 pounds of water per pound of coal, which would mean the 

expenditure of -r-^ = 2.553 poimds of coal per I.H.P. per 

8.5 

hour. 

Assimwng the thermal value of the fuel to be 14,500 B.t.u. per 
pound, we would have 

Thermal eflSciency of engine and boiler 

42.42 X 60 ^o ^ o 

^ x/rJ^v^o rr. ^ 0.06875, or 6.875 per cent. 
14,500 X 2.553 

These resxilts are satisfactory, so that an engine with a high- 
pressure cylinder of 9 inches diameter and low-pressure cylinder 
of 17 inches diameter will fulfil the required conditions, pro- 
vided the valves are properly designed. 

According to the calcxilations the cut-oflF in the H.P.' cylinder 
must take place at 14 X 0.5376 = 7.526 inches from commence- 
ment of stroke, and in the L.P. cylinder the cut-off is to take 

2 — 0.12 
place at 14 X '- — = 6.58 inches from commencement of 

4 
stroke in order to maintain a receiver pressure of 48 pounds. 

The design of the valves must provide for these cut-offs and also 

for a low-pressure exhaust closure at 85 per cent of the stroke. 



} 
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The points of cut-off might have been found in this manner: 
With a stroke of 14 inches and a ratio of expansion in the 
H.P. cylinder of 1.79 and clearance of 5 per cent, we will have 

14 + 14 X o.Qi: , . , 

1.79 = -~ ^ , whence ai = 7,^1 inches. 

In hke manner, for a ratio of expansion of 2.06 in the L.P. 
cylinder and clearance of 3 per cent, we will have 

2.q6 = — '—^, whence Oj = fi-iiS inches. 

j_ ih + 14 X 0.03 

Example III. — It is desired to design a condensing compound 
■engine to develop 160 I.H.P. It is predetermined tiiat the abso- 
lute initial pressure at the valve chest shall be 150 pounds, the 
stroke 14 inches, the number of revolutions per minute 260, and 

L P 

the cylinder ratio r-^ = 3.65. It is fairly assumed that a back 

pressure of 3 pounds will be maintained in the condenser, and 
that the clearance of the H.P. cylinder wUI be confined to 5 per 
cent and that of the L.P. cylinder to 3 per cent. 

As in Example II, we shall first decide upon the terminal 
pressure in the L.P. cylinder. 

Assume a trial terminal pressure of 13 pounds in the L.P. 
cylinder. Then ^^- = 12.5 = ratio of expansion, aamiming the 
whole of the expansion to take place in the L.P. cylinder. Then 

Pm = Pi(^ +log,r) = 12(1 + 2.5262) = 42.314 pounds. 

Expected M.E.P. = (42.314 — 3)0.85 - 33.42 pounds. 

9 - ^^i^ - ^'"""-^'i - .2.8,i«„nds 
M.E.P. 33.42 

of steam per I.H.P. per hour, the terminal pressure in the L.P. 
cylinder being 12 [sounds. This result indicates an actual con- 
sumption of 12.89 X 1-2 = 15-47 poimds. With the boiler 
furnishing superheated steam of 150 pounds pressure it " 
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'12.53 pounds 



able to expect an expansion to a terminal pressure of lo pounds, 
so we will try a L.P. terminal pressure of lo pounds. Then 
r = Yo"" — i5r ^*^ loS« of which is 2.708. 
^„ = 10 X 3. 70S = 3708 pounds. 
Expected M.E.P. = (3708 — 3)0.85 = 28.97 pounds. 
_ -H X 10 + 23 
^ 28.97 

of steam, indicating an actual consumption of 12.53 X 1.2 = 
15 pounds per I.H.P. per hour. This result is fairly favorable 
for the tj'pe of engine, so a terminal pressure of 10 pounds in 
the L.P. cylinder will be adopted. 

Proceeding as in Example II, let 00\ Fig. 145, 4 inches in 
length, represent the stroke volume of the L.P. cylinder of the 
required engine, and denote it by L. Then the clearance volume 
of the L.P. cylinder will be represented by OO" = 4 X 0.03 = 
0.12 inch, and will be denoted by k. To a pressure scale of 
I inch = 40 pounds erect 0"E perpendicular to 0"0', making 
it ^i^- inches in length to represent the absolute initial pressure 
of 150 pounds. Then 0"0' and 0"E are the lines of no pressure 
and no volume respectively. Erect O'U perpendicular to 0"<y 
and make it \^ inch long to represent the terminal pressure of 
10 pounds in the L.P. cylinder. On O'H take the point M so 
that O'M measures ^^jr inch to represent the back pressure of 
3 pounds. Then MU' parallel to 00' will be the exhaust line, 
or line of back pressure. Assuming the exhaust to close at 
85 per cent of the stroke, make MK equal to -,^5 of the stroke 
OC. 

The expansion cur\'e GH may now be constructed, its termi- 
nal point H and rectangular asymptotes 0"E and 0"0' being 
known. Construct also a part KT of the compression curve. 
As in Example II, we have 
_ 3.65(1 +0.05) 
h 0.05 




whence 



= 0.2055, 
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that isy the cut-off in the H.P. cylinder takes place at 20.55 P^ 
cent of stroke. 
Hie volume of the H.P. cylinder will be represented by 




3-65 



Fig. 145. 

== 1.096 inches to the same scale that 4 inches represents 



the volume of the L.P. cylinder. The clearance of the H.P. 
cylinder will be represented by i .096 X 0.05 = 0.0548 inch, and 
the portion of the H.P. stroke completed up to cut-off by 1.096 X 
0.2055 ~ 0.2252 inch. Then 

Pi = cj + f = 0.2252 + 0.0548 = 0.28 = EG, 
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proving the correctness of the construction of the expansion 
curve. 
For the ratio of expansion in the H.P. cylinder we have 

fi = —^ — ; — ^\^ = 4.1 1, the log, of which is 1.4134. 
0.2252 + 0.0548 -^ » &• -* Of 

We will try a receiver pressure of 28 pounds. Then 
150 (0.2252 + 0.0548) = 28 a:, whence x = 1.5 inches, 

which represents the volume of steam in the L.P. cylinder and 
clearance at cut-oflF. For the ratio of expansion in the L.P. 
cylinder we have 

fi = — — = 2.747, the log, of which is i.oi. 

Theoretical pm in H.P. cylinder 

^ />! (I + log, rO ^ 150 X 2.4134 ^ 88.08 pounds, 
fi 4.11 

Assuming that friction in the exhaust passages of the H.P. cyl- 
inder will occasion a back pressure of 2 poimds, we shall have 

Theoretical M.E.P. in H.P. cylinder =88.08— 30 = 58.08 poimds. 

Using a mean pressure factor of 0.85, we have 

M.E.P. to be expected in H.P. cylinder 

= 58.08 X 0.85 = 4936 pounds. 

M.E.P. in H.P. cylinder referred to L.P. piston 

= ^/ = 13.52 poimds. 
3-05 

Theoretical ^« in L.P. cylinder 

^ 28 (I + log, 2.747) ^ 28.X2:Oi ^ gpomids. 
2.747 2.747 

M.E.P. to be expected in L.P. cylinder 

= (20.48 — 3) 0.85 = 14.85 pounds. 
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The expected mean effective pressxires diflfer too greatly for 
an equality of power in the two cylinders, so we will try a re- 
ceiver pressure of 26 pounds. Then 

150 (0.2252 -f 0.0548) = 26 a:, whence x = 1.615 inches. 

r2 = —, — = 2.55, the log, of which is 0.0361. 
1.615 

Theoretical p^ in L.P. cylinder 

^ 26 (I + log. 2.55) ^ 26 X 1.9361 ^ X9.74 pounds 
2.55 2.5s 

Expected M.E.P. in L.P. cylinder 

= (19.74 — 3) 0.85 = 14.22 pounds. 

Expected M.E.P. in H.P. cylinder referred to L.P. piston 

(88.08 - 28) 0.85 , 

= :5^ — L Q. ^ 13.99 pounds. 

3-05 

These mean effective pressures are near enough equal to insure 
a practical equality of power in the two cylinders. The total 
M.E.P. obtained by calculation and referred to the L.P. piston 
is 14.22 + 13.99 = 28.21 pounds. 

Returning to Fig. 145, lay off the distance EF = c = 0.0548 
inch to represent the clearance volume of the H.P. cylinder. 
Draw FU parallel to E0'\ the point IJ being \% inch from O'^Of 
to correspond to the back pressure of 28 pounds in the H.P. 
cylinder. Lay off JJM' parallel to 0"0\ making it 1.096 inches 
long to represent the volume of the H.P. cylinder. At M' erect 
a perpendicular to VM' to intersect the expansion curve at W , 
The area FGH'M'U is the theoretical indicator diagram for the 
H.P. cylinder. As a test of the accuracy of the construction 

the point H' is "^ -^ inches from 0'^0\ as it should be to corre- 

40 

spond to the terminal pressure of ^ = -^— = 36.5 pounds in 
the H.P. cvlinder. 
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'Tor the theoretical indicator diagram of the L.P. cylinder, 
erect OF' perpendicular to 0"0' and make it IJ inch in length 
to correspond to the receiver pressure of 26 pounds. From F' 
draw a parallel to 0"0' , producing it to its intersection G' with 
the expansion curve. Then F'G'EMU' is the theoretical indi- 
cator diagram for the L.P. cylinder. As a check to the accuracy 
of the construction the line F'C measures 1.615 — 0.12 = 1.495 
inches, as it should do to represent the volume of the L.P. 
cylinder up to the point of cut-off. 

The gap in the diagram at B'G' illustrates the loss from drop 
between the cylinders. 

The areas of the H.P. and L.P. diagrams are found by pla-' 
nimeter measurements to be 1.55 and 1.59 square inches respec- 
tively, but only 0.85 of each of these areas is expected to be 
realized owing to the losses from wire-drawing, release, and com- 
pression. 

To reduce the area of the H.P. diagram to pressure, we have 
1.55 Xo.S 



1.096 



1. 2021 inches as the length of the mean ordinate 



of the diagram, so that the M.E.P. from the H.P. diagram is 
1.2021 X 40 = 48.084 poimds which, when reduced to the 

L.P. piston area, becomes ■ - ' ■ ■ = 13.17 pounds. The area 



I so thai 



3-65 
L,P. diagram when reduced to pressure becomes 



1..S9 Xo.Sg X40 ^ 



I3-S1S pounds, 



IS 



= 28.968 pounds. 



so diat the total mean effective pressure obtained from the dia- 
grams and referred to the L.P. piston is 13.17 + 13-515 = 26.685 
pounds. 

tThe expected M.E.P. due to the initial pressure of 150 pounds 
he total ratio of expansion of 15 is 



342 STEAM ENGINEERING 

The mean of the three mean effective pressures that have been 

found, and which wiU be used in determining the diameter of 

the L.P. cylinder, is 

— c aS.ai + 26.685 + 38.968 , 

I "^ ^ — = 27.954 poimds. 

' j> r » Y. ■ . 160 X 33.000 
Area of L.P. piston = -fh; — 

2pXN 

160 X ^^,000 X 12 . . 

= — —'^ — =311.34 square inches. 

2 X 27.954X14X260 -^ ^^^ 

g 1.99 square inches for the half-ssction area of a 2,35-indi 
, we have 313.33 square inches as the net area of the pbton 
Jie L.P. cylinder. 

fieter of L.P. cylinder = y ^ a 19-97 inches, say 20 inches. 
* 0.7854 



Volume L.P. cylinder + volume clearance 
Volume H.P. cylinder + volume clearance 
L.P. piston area (i + ife) _ 
'^ H.P. piston area (i + «) ~ ^' ^' 



Area of H.P. piston - 3_^M --A = 83.674 square 

*^ 3-65X1.05 ^ '*»"i 

Net area of H.P. piston = 83.674 + 1.99 = 85.664 square 
inches. 

Diameter of H.P. cylinder = \/ ^" ^ = 10.44 inches, say 
V 0.7854 '^ ' 

10.5 inches. 

From B, Fig. 145, draw a parallel to 0"0' to its intersection 
S with the compression curve KT. Then HS represents the 
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found by measurement to be 0.948, and the weight of a cubic 
foot of steam at 10 poimds pressure is 0.02606 poimd. Then 

Steam per I.H.P. per hour 

^ 13,750 X 0.948 X 0.02606 X 1.2 ^ ,^58 pounds. 

The temperatures of steam at pressures of 150 poimds and of 
10 poimds are 358.5° and 193.2® respectively, so that we shall 
iave 

Ideal eflBiciency = ^^ '^ — . ^/' = 0.2017, or 20.17 per cent. 

358.5+461 

With an evaporation of 8.5 poimds of water per pound of coal, 

^e would have an expenditure of +^ =1.71 poimds of coal 

per I.H.P. per hour. 

Assuming the thermal value of the fuel to be 14,500 B.t.u. per 
pound, we would have 

Thermal efficiency of engine and boiler 

42.42 X 60 

= = 0.1027, or 10.27 per cent. 

14,500 X 1.71 

These results are satisfactory, so that an engine with a high- 
pressure cylinder of 10.5 inches diameter and a low-pressure 
cylinder of 20 inches diameter will fulfil the required conditions, 
provided the valves are properly designed. 

According to the calculations the cut-off in the H.P. cylinder 
must take place at 14 X 0.2055 = 2.88 inches from commence- 
ment of stroke, and in the L.P. cylinder the cut-off is to take 

place at 14 X — — ^ ' — = 5.233 inches from commencement 

4 

of stroke in order to maintain a receiver pressure of 26 pounds. 
The design of the valves must provide for these cut-offs and 
also for a low-pressure exhaust closure at 85 per cent of the 
stroke. • 
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In comparison with the non-condensing compound engine of 
Example II there is a decrease in steam consumption of 

21' 4 ^4-5 - 0.326, or of 32.6 per cent 
21.64 

in favor of the condensing engine. . 

Example IV. — Required the cylinder diameter of a wsapk 
high-speed engine to develop 60 I.H.P. The piston speed is to 
be 650 feet per nmiute, the absolute initial steam pressure 95 
pounds, the stroke 1 2 inches, the back pressure 3 pounds above 
the atmosphere, and the clearance 4 per cent. 

SoltUion. — It is desirable with this type of engine to maintain 
a terminal pressure of at least 26 pounds, but before adopting 
that pressure in the design the probable steam consumption 
will be investigated. 

r — i^ — 3*654, the log« of which is 1.294. 

Theoretical pm = ^^ — ^ ' ^^^ = 59.64 pounds. 

3-654 

Using a mean pressure factor of 0.9, we have 

Expected M.E.P. = (59.64 — 18) 0.9 = 37.476 poimds. 

34X26 + 23 ^^ ^^^ 
37.476 

of steam per I.H.P. per hour. This indicates an actual con- 
sumption of 24.2 X 1.4 = 33.88 pounds, which is not excessive 
for the type of engine. 

. r . ^ 60 X 33,000 00 • l_ 

Area of piston = ^^^ , — = 81.285 square mches. 

37.476 X 650 

Adding 1.036 square inches for the half -section area of a if -inch 
rod, we have 82.321 square inches as the net piston area. 



/82 "^21 

Diameter of cylinder = y — '-^ — = 10.24, say 10.25 i^chcfc. 



0.7854 
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Example V. — Find the cylinder dimensions of a triple- 
expansion engine to develop 6000 I.H.P. for a vessel of the mer- 
cantile marine. Piston speed, 1000 feet per minute; stroke, 
45 inches; initial absolute steam pressure, 250 poimds; abso- 
lute back pressure 3 pounds; and the estimated clearances of 
the H.P., I.P., and L.P. cylinders are 15 per cent, 14 per cent, and 

12 per cent respectively. 

LP 
Solution. — Assume the volumetric cylinder ratio zz-ir- to be 

H.P. 

10, and the mean pressure factor 0.65. 

Assuming a terminal pressure in L.P. cylinder of 15 pounds 
we will have W^- = 16.67 as the number of expansions. 

Theoretical p„ = 15(1 +loge 16.67) = 15 X 3.81 = 57.15 pounds. 
Expected M.E.P. = (57.15 — 3) 0.65 = 35.2 pounds. 

of steam per I.H.P. per hour, a result not favorable for the type 
of engine, so a terminal pressure of 14 pounds will be tried. 

Ratio of expansion = \Y- = 17.86. 

Theoretical Pm = 14(1 H-log^ 17.86) = 14X3.879 = 54.306 pounds. 

Expected M.E.P. = (54.306 — 3) 0.65 = 33.349 pounds. 

= 34X14 + 23 ^ ^^6 pounds 
33-349 

of steam per I.H.P. per hour, the terminal pressure in the L.P. 
cylinder being 14 pounds. This result may be regarded as 
favorable, so a terminal pressure of 14 pounds will be adopted? 

A r T T» • X 6000 X 33,000 . , 

Area of L.P. piston = "^^ = 5937 square mches. 

33*349 X 1000 

Adding 14.14 square inches for the half-section area of a 6-inch 
piston rod, we have 5951.14 square inches as the net area of 
the L.P. piston. 

Diameter of L.P. cylinder = i/i2SiiIf _ 37 inches. 

^ 0.7854 






5^ 
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A cylinder 87 inches in diameter is objectionaUe botib on tlie 
score of wdgHt and athwartship space occupied. It is desiiBUe 
then to have two low-pressure cylinders, each ci cross^sectioii 
area of ^^^ » 2968.5 square inches. This arrangemait will 
give the engine four cranks, securing a better balance and more 
uniform crank effort. 

Adding 14.14 square inches, we have 2982.64 square inches, 
as the net piston area of each L.P. cylinder. 



Diameter of each L.P. cylinder =■ V ^ ' ^ — 61.63 inches. 

^ ^ 0.7854 ^ 

It is not desirable to have the diameter of the L.P. cylinders a 
fnuitional number, and as a slight change in the diameter of 
such large cylinders will not materially alter results, we will 
make the diameter of each L.P. cylinder 62 inches. The net 
piston area for each cylinder will then be 3019 square inches 
and a nominal area 3019 — 14.14 » 3004.86 square indies. 
We have 

Volume L.P. cylinder + its clearance volume _ 
Volume H.P. cylinder + its clearance voliune * 

whence 

Section area of H.P. cylinder = ^ — — '- 

10 X 1.15 

= 585.3 square inches. 
Net area of H.P. piston = 585.3 + 14.14 = 59944 square inches. 
Diameter of H.P. cylinder = y 599'44 = 27.62, say 28 inches. 

Making the H.P. cylinder 28 inches in diameter its net area 
will be 615.75 square inches. 
Making the I.P. cylinder 2.5 times the H.P. cylinder, we have 



Diameter of I.P. cylinder = V(28)^X 2.5 = 44.26, say 44 inches. 
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The net area of the I.P. piston is then 1520.5 square inches, and 
the nominal area 1520.5 — 14.14 = 1506.36 square inches. We 
have 

a+c a + 0.15 

whence a = 0.498, which is the fraction of the H.P. stroke 
completed when cut-oflF occurs. 

The volume of the H.P. cylinder, including clearance, up to 
cut-off is 0.498 +0.15 = 0.648 expressed in percentage of 
stroke. 

Following the practice of the Navy Bureau of Steam Engineer- 
ing, we shall have 

Section area of I.P. cylinder 

= ^ ^'^ — ^^— = 1406 square inches. 

1. 14 

Adding 14.14 square inches we have 1420.14 square inches as 
the net area of the I.P. piston. 

Diameter of I.P. cylinder = v ' =42.51 inches. 

V 0.7854 

Making the diameter of the I.P. cylinder 43 inches, its net 

piston area will be 1452 square inches. 

The stroke having been predetermined to be 45 inches, the 

1000 

engine will have to make = 133 revolutions per minute. 

3.75 X 2 

The engine will then be 

28^^X4y'X2of 62^\ , , 

^, ; X 250 pounds pressure X 133 r.p.m. 

45 stroke 

= 6000 I.H.P. 

Section area of cylinders: H.P., 616 square inches; I.P., 1452 
square inches; L.P., 3019 X 2 = 6038 square inches. 

Deducting 14 square inches from each area for the rod, we have 
Net piston areas: H.P., 602 square inches; I.P., 1438 square 
inches; L.F., 6010 square inches. 
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Volumetric section areas of cylinders: H.?., 602 X 1.15 *■ 692 
square inches; I.P., 1438 X 1.14 « 1639 square inches; L.?., 6010 
X 1. 12 = 6731 square inches. 

Ratios of net piston areas referred to L.P. cylinder: 

I : 4. 1 79: 9.983. 

Ratios of voliunetric cylinder areas referred to L.P. cylinder: 

I : 4.107 : 9.723. 

In order to obtain the most uniform crank effort for this 
engine the work done in each cylinder should be the same. 
Regarding the M.E.P. as the exponent of the power developed, 
we have, in this instance, 33.349 as the total work of the engine 
expressed in terms of M.E.P. referred to the piston of a single 
cylinder having a volume equal to that of the two L.P. cylinders. 
Thien, for equality of work, the M.E.P. in each cylinder must 

jjg 33-349 -. 8.337 poimds referred to the single L.P. cylinder. 

4 

Therefore the M.E.P. in the H.P. cylinder should be 9.983 X 
8.337 = 83.23 pounds, and in the I.P. cylinder the M.E.P. 
should be 4.179 X 8.337 = 34-84 pounds. The ratio of the 
single L.P. cylinder to each of the two L.P. cylinders is 2, so that 
the M.E.P. in each L.P. cylinder should be 8.337 X 2 = 16.674 
pounds. We would then have 

I.H.P. m H.P. cylinder 

_ 83.23 X 602 X 1000 _ 83.23 X 602 _ ^ 
33.000 33 

LH.P. in LP. cyUnder = 34-84 X 1438 ^ ^^^g 

33 

LH.P. in each L.P. cyUnder = ^^'674 X 3005 ^ ^^ ^g 

33 

This makes a total of 6072 LH.P. for the four cylinders, an 
excess of 72 LH.P. over that required. 
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It is the usual practice in distributing the power in triple- 
expansion engines with two L.P. cylinders to assign one-third 
the power each to the H.P. and I.P. cylinders and one-sixth to 
each of the L.P. cylinders. Such an arrangement gives very 
unequal loads on the crank pins, which can be avoided by deter- 
mining, as above, the mean effective pressures required in each 
cylinder to produce the same load on each crank, and then 
arrange the points of cut-off and receiver pressures accordingly. 

To avoid fractions in this instance, and without material 
error, assiune the stroke volume ratios of the cylinders, referred 
to the L.P. cylinder, to be i : 4 : 10. Then, if 10 inches repre- 
sents the stroke volume of the L.P. cylinder, the stroke volume 
of the H.P. cylinder will be represented by i inch, and that 
of the I.P. cylinder by ^ = 2.5 inches. The H.P. clearance 
volimie will be represented by 0.15 inch, and that of the LP. 
cylinder by 2.5 X 0.14 = 0.35 inch. 

Total ratio of expansion = ^ = -^ = 17.86. 

p2 14 

o^ 10(1 -I-0.15) , 

17.86 = — ^"-i ^, whence a = 0.494. 

a + 0.15 

That is, the cut-off in the H.P. cylinder is at 49.4 per cent of 

stroke. 

a +c = 0.494 +0.15 = 0.644 inch. 

Denoting the ratio of expansion in the H.P. cylinder by ri, we 
have 

fi = ' ^ = 1.786, the log, of which is 0.5793. 
0.044 

Theoretical pm in H.P. cylinder = 50 \i i" Q-5793/ = 221 pounds. 

1.786 ^ 

Denoting the pressure in the first receiver by p/, we have 
(221 — p/) 0.65 = 83.23, whence p/ = 93 pounds. 



■ 1 
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For equality <rf power between the H.P. and LP. cylinders^ ire 

have 

250 X 0.644 "" 93 ^7 whence x — 1.73 inches. 

Cutoff in LP. cylinder - ^'73 " ^iS « 0.552. 

2.5 

That isy the cut-off in the LP. cylinder is at 55.2 per cent of 
stroke. 

Denoting the ratio of expansion in the LP. cylinder by n, we 
have 

f^ = 'D ^ '0^ -. 1.647, the log, of which is 0.499. 
1-73 

Theoretical p^ in LP. cylinder = 93 X^ 499 « 84.64 pounds. 

1.047 

Denoting the pressiire in the second receiver by p/\ we have 

(84.64 — ^r") 0.65 « 34.84, whence p/^ =31-05 pounds. 

For equality of power between the LP. and L.P. cylinders, 
we have 

93 X 1-73 = 31-05 *> whence x « 5.18 inches. 

Cut-off in L.P. cylinder = ^ ^ = 0.398. 

10 

That is, the cut-off in the L.P. cylinder is at 39.8 per cent of 
stroke. 
The valves should be designed to effect these cut-offs. 

PROBLEMS 

I. Stroke of engine, 24 inches; initial absolute pressure of steam at 
cylinder, 100 pounds, but wire-drawing reduces the pressure to 95 pounds 
at cut-ofiF. Back pressure, 18 pounds; cut-ofiF, 0.25 stroke; clearance, 10 
per cent. Release takes place at 90 per cent of stroke, and exhaust doses 
after 75 per cent of the return stroke is completed. The expansion and 
compression being hyperbolic, construct the expected indicator diagram, 
and find the terminal pressure, Pt; the final pressure of compression, Pc; 
the mean efifective pressure, ^«, by means of ordinatesj and the estimated 
steam consumption per I.H.P. per hour. 

Ans. ft = 3325; ft = 63; ft = 42; steam per I.H.P. per hoiur = 
29.6 pounds. 
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. An iS-s" X 30" engine makes 179 revolutions pec minute, tlie con- 
I sumption of fuel being 5.5 long tons a day. The mean effective pressure 
is 3Q pounds, and ^6 pounds of steam arc usLxi per I.H.P. per hour. Find 
tht number of pounds of coal bumed ptr I.H.P. per hour, and the number 
' of pounds of water the boQec must evaporate per pound of coal. 

.-Ins. 2.7J pounds of coal per I.H.P. pec hour, and 9.524 pounds of water 
evapocated per pound of coal. 

3. An engine, 18.5" X 30", makes 129 revolutions per minute. The 
meaji effective pressure is 36.6 pounds per square inch, and the consumption 
of coal per I.H.P. per hour is 3 pounds. The weight of steam used per 
stroke is 0,3478 pound. Find (he number of pounds of sleam used per 
I.H.P. per hour; the coal consumption {long tons) pec day; the number 
of pounds of water the boilec must evaporate pec pound of coal. 

Ans. Pounds of steam pec I.H.P. per hour, j8; tons of coal pec day, 
6.18; pounds of water to be evaporated per pound of coal, g.33, 

4. It is desired to design a high-speed non-condensing engine to develop 
60 I.H.P. while running at the rate of 350 revolutions per minute. It is 

■predetermined, that the stroke of the piston shall be 12 inches, and the 
initial absolute steam pressure in the valve chest no pounds per square 
inch. It is assumed that a careful design of the steam and exhaust 
passages will confine the clearance to 2.5 per cent of the volume of the 
cylinder, and to secure smooth running of the engine at the intended speed 
a final absolute pressure of compression of 85 pounds will be desirable; it 
is also fairly assumed that a back pressure of 18 pounds absolute will be 
mainUined. It is required I0 find by means of a preliminary indicator 
diagram the point of cut-off, the point of exhaust closure, and the diameter 
of the cylinder. 

5. It is desired to design a non-condensing ccoss- compound engine to 
develop 150 I.H.P. It is predetermined that the absolute initial steam 
pcessure shall be 140 pounds, the stroke 14 inches, the revolutions pec minute 
250, and that the volumetric cylindec catio ry— ^ shall be 3.6. It is fairly 

assumed that an absolute back pressure of 18 pounds will be maintained, 
I find that a careful design of the valve and steam passages will confine the 
H.P. clearance to 5 per cent and that of the L.P. cylindec to 3 pec cent. 

6. It is desired to design a condensing compound engine to develop 
150 I.H.P. It is pcedelermined that the absolute initial pressure in the 
valve chest shall be 140 pounds, the stroke 14 inches, the number of revolu- 

250, and the cylinder ratio " - = 3.6. It is fairly as- 



tions per r 



■umed that a back pressure of 3 pounds will be maintained in the condenser. 
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"\ that the clearance o/ the H.P. cylinder will be confined to 5 p« cent 
I thai of the L.t'. cylinder to 3 per cent. 

Find the cylinder dimensions 0/ an engine to develop 75 hotse-powtr. 
-n speed, 600 feet per minute; absolute pressure of steam, 95 poundi; 
jff, 0.3 stroke; back pressure, 3 pounds above the atmosphere; cleai- 
.., 5 per cent. 

B. Required the dimensions of a compound engiDC for use in the aiEr- 

■""'.ile marine to develop 1800 I. H.P. Piston speed, 715 feci per minute; 

ilulc initial pressure, iii pounds; back pressure in the condenser, 

I unds; cut-off in H.P. cylinder, 0.4 stroke. Estimated clearances; 

P. cylinder, 10 per cent; in L.P. cyUnder, 1 1 per cent. 

Find the dimensions of a triple-expansion engine to be used in the 

intilc marine, the horse-power to be developed being 4000. Piston 

,, 800 feet per minute; initial absolute pressure, 160 pounds; abso- 

back pressure. 3 pounds; cuI-oS in H.P. cylinder, 0.6 stroke. The 

[flaled clearances arc: 16 per cent (or the H.P. cylinder and 14 per cent 

he L.P. cyUnder. 



CHAPTER XV 

COMBINING DIAGRAMS OF STAGE-EXPANSION 
ENGINES 

193. Combming Diagrams of Stage-expansion Engines. — 
Owing to the difference in the initial pressures in the cylinders 
of stage-expansion engines, springs of different tensions are used 
in the indicators, and consequently the diagrams of the several 
cylinders are to different scales. 

It is possible and profitable to combine the diagrams of a 
stage-expansion engine into a single diagram which shall exhibit 
the changes in pressure and volume the steam undergoes from 
the moment of its admission into the H.P. cylinder until its 
final release from the L.P. cyhnder. Such a diagram enables a 
comparison to be made between the work actually accomplished 
and that theoretically due to the initial pressure and ratio of 
expansion, under the supposition that the total expansion takes 
place in the L.P. cylinder. Owing to fundamental defects in 
the steam engine itself, the results obtained from the combined 
diagram cannot be more than approximate, but the process of 
the combination is instructive, and if care be exercised in the 
interpretation of the results, valuable information concerning 
the general performance of the engine may be obtained and 
factors determined which may be of value in subsequent 
designs. 

In the process of combining the diagrams, the pressure scale 
of all the diagrams is the same, while the length of each must 
be such as to represent the stroke volume of the cyUnder from 
which it was taken. It is important that the clearance volume 
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and Uiat the dearance of the H.P. cylinder will be confined to 5 per cent 
and that of the L.P. cylinder to 3 per cent. 

7. Find the cylinder dimensions of an engine to develop 75 horse-power. 
Piston speed, 600 feet per minute; absolute pressure of steam, 95 pounds; 
cut-off, 0.3 stroke; back pressure, 2 pounds above the atmoq>here; clear- 
ance, 5 per cent. 

8. Required the dimensions of a compound engine for use in the mer- 
cantile marine to develop 1800 I.H.P. Piston speed, 725 feet per minute; 
absolute initial pressure, 112 pounds; back pressure in the condenser, 
2 pounds; cut-off in H.P. cylinder, 0.4 stroke. Estimated deaiances: 
in H.P. cylinder, 10 per cent; in L.P. cylinder, 12 per cent. 

9. Find the dimensions of a triple-expansion engine to be used in the 
mercantile marine, the horse-power to be devdoped being 4000. Piston 
qpeed, 800 feet per minute; initial absolute pressure, 160 pounds; abso- 
lute back pressure, 3 *i^unds; cut-off in H.P. cylinder, 0.6 stroke. The 
estimated dearances are: 16 per cent for the H.P. cylinder and 14 per cent 
for the L.P. cylinder. 




CHAPTER XV 

COMBINING DIAGRAMS OF STAGE-EXPANSION 
ENGINES 

192. Combining Diagrams of Stage-expansion Engines. — 
Owing to the difference in the initial pressures in the cylinders 
of stage-expansion engines, springs of different tensions are used 
in the indicators, and consequently the diagrams of the several 
cylinders are to different scales. 

It is possible and profitable to combine the diagrams of a 
stage-expansion engine into a single diagram which shall exhibit 
the changes in pressure and volume the steam undergoes from 
the moment of its admission into the H.P. cylinder until its 
final release from the L.P. cylinder. Such a diagram enables a 
comparison to be made between the work actuaUy accomplished 
and that theoretically due to the initial pressure and ratio of 
expansion, under the supposition that the total expansion takes 
place in the L.P. cylinder. Owing to fundamental defects in 
the steam engine itself, the results obtained from the combined 
diagram cannot be more than approximate, but the process of 
the combination is instructive, and if care be exercised in the 
interpretation of the results, valuable information concerning 
the general performance of the engine may be obtained and 
factors determined which may be of value in subsequent 
designs. 

In the process of combining the diagrams, the pressure scale 
of all the diagrams is the same, while the length of each must 
be such as to represent the stroke volume of the cylinder from 
which it was taken. It is important that the clearance volume 
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of each cylinder, expressed in percentage of stroke volume, be 
added to the length of each diagram. 

The diagrams on page 355 were taken from one of the two 
triple-expansion engines of the battleship South Carolina when 
on her trial off the Delaware Breakwater, August 24, 1909. 

The engines are of the four-cylinder type (two L.P. cylinders), 
the diameters being 32", 52", 72" and 72"; stroke, 48"; diam- 
eter of all piston rods, 7.25"; clearance: HP., 15.5 per cent; 
LP., 12.5 per cent; L.P., 12 per cent; back pressure, 3,5 pounds 
absolute. 

From the data we deduce: 

Net piston areas in square inches: H.P., 783.609; I,P., 
2103.079; two L.P., 8101.737. 

Volumetric cylinder ratios: 
L.P. ^ 8101. 737X 1. 12 ^ 
H.P. "783,609X1,155" ' 

Referred to the L.P. cylinder, the volumetric ratios are i to 
3. S3 5 to 10, 

Referred to the L.P. piston, the ratios of net piston areas are 
I to 3.852 to 10.339. [ 

The first step in the process of combination is to superpose I 
the diagrams from the two ends of each cylinder, and thus 1 
obtain the mean diagrams shown on page 356, I 

Erect perpendiculars to the atmospheric lines, touching the \ 
diagrams at each end. Lay off, to the pressure scale of each I 
diagram, the perfect vacuum lines, 14.7 pounds below the 1 
respective atmospheric lines. Lay off ao equal to the respec- 1 
tive cylinder clearance percentage of ab, ab representing the I 
stroke volume, and erect the clearance lines oc. Select the ' 
point X on each diagram as near after the actual point of cut-off 1 
as the eye can detect, and where, it is fair to assume, the expan- 1 
son is according to Boyle's law. Construct the hyperbolicj 
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LP. 2103.079 X I. I!S 
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expansion curves for each diagram, from which a fair idea may 
be obtained as to the character of the actual expansion in each 
cylinder. Select the point y, as near after the L.P. exhaust 
closure as the eye can detect, and construct the hyperbolic com- 
pression curve. Erect ordinates and obtain the mean effective 
pressure from each diagram. 

Draw the coordinate axes OX and OY, Fig. 146, representing 
the lines of no pressure and no volume respectively. 

Assume arbitrarily a pressure scale of 40 pounds to the inch. 
If we assume that a line 4 inches in length represents the stroke 
volume of the L.P. cylinder, then 4 X 0.12 = 0.48 inch will 
represent the clearance volume of the L.P. cylinder. On OX 
iakeAO = 0.48 inch and ^S = 4 inches to represent the volumes 
of the L.P. clearance and the L.P. cylinder respectively. 

From the mean diagrams we find the initial pressure in the 
H.P. cylinder to have been 299 pounds, in the LP. cylinder 
no pounds, and in the L.P. cylinder 33.5 pounds. On OY take 
OW, OH. and OP equal respectively to Yir iriches, Vif inches, 

and ^^ inch to represent these pressures. 
40 

Draw WD parallel to OB, making it — — = 0.448 inch in 

length to represent the volume of the H.P. cylinder and its 

clearance. Make DE equal in length to — - — = 0.387 inch 

IO-339 
to represent the stroke volume of the H.P. cylinder. Then 
0.448 — 0.387 = 0.061 inch = WE, the volume of the H.P. 
clearance. 

4.48 
' 3-835 
length to represent the volume of the LP. cylinder and its clear- 

- = 1.038 inches to 



Draw HM parallel to OB, making it - 



= 1. 168 inches in 



ance. Make MT equal in length to 

represent the stroke volume of the LP. cylinder. Then 1.168 



t 




V. 5. BATTLCsmr " South Caxouxa." 
Cembintd Indicator Diap^m. 

HJ. LP. 

Diameter o< cylinders 3* in. s» in. 

Stroke..' 48 in. 48 in. 

Diameter of piston rods 7iin- tI in- 

Clearancx in per cent ij.j la-s 

Net jnstoD areas in square inches 78]-^ 2103.079 

Ratiosof net piston areas 1-1-10.339 1+3.851 

Volumetric cytioder ratios.' i+io 1+3-S3S 

Steam pressure at engine 199 Km. 

Back pressure in condenser 3,5 lb 

Revolutions per minute i»>3S 

M.E.P. from diagram area* iia.66 46.63 15. 

M.E.F. referred to L.P. [nston 10.90 la.io 13. 

Indicated borse-power 1580 1901 381 

Terminal of expansion curve. .• 17 lbs. 

Expansions 399-l-r7Hi7.6 

M.E.P total referred to L.P. [ustah 

M.E.P. from eipanaon curve to sero lines 

M.E.P. factor 38.9 -i-6>.i7 ■ 

Steam per I.H.P. per hour - ■3.75°Xo.9.s Xo.o«i;7Xi.i j^ 

38.9 
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^038 = 0.13 inch = HT, the clearance volume of the I.I 
cylinder. 

Divide AB, TM, and ED each into ten equal parts and draw! 
ordinates midway between the points of division (the ordinates 
of the H.P, diagram have been omitted for clearness). Trans- 
fer to these ordinates the pressures obtained from the corre- 
sponding ordinates of the mean diagrams on page 356, and 
through the points thus obtained draw the transferred diagrams 
of Fig. 146. These diagrams are those of the H.P., I. P., and 
L.P. cylinders to a pressure scale of 40 pounds to the inch and of 
lengths corre^wnding to the respective ratios of the net piston 
areas. 

From the mean diagram of the H.P. cyUnder, page 356, it ii 
found by measurement that the cut-ofE at x occurred at 71.5 per 
cent of the stroke, the pressure at the point x being 217 pounds. 
At the 217 pound pressure mark on OY draw a parallel to OB 
to its intersection x' with the transferred H.P. diagram. Then 
x' is a point of the theoretical expansion curve and Fx' should 
measure ED X 0.715 = 0.387 X 0.715 = 0.277 inch. 

Having the point x' the hyperbolic expansion curve Rx'S 
may now be constructed and the terminal pressure BS will be 
found to be 17 pounds, the ratio of expansion therefore being 

W - "7.6. 

The accuracy of the construction of the expansion curve may 

be tested by applying to the curve the equation xy = —ol the 



rectangular hyperbola; thus, BS = 



general equation PiV^ = PiVi, we have BS 



-^ — ■ Also, from the 
2 XOB 

OW X WR 



OB 



The area WRCSBO included between the expansion curve and 
the zero lines of pressure and volume is that due the i 
pressure of 299 pounds and the ratio of expansion 17.6, sujq 



1 
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the whole of the expansion to take place in the L.P. cylinder. 
By planimeter measurement this area is found to be 7.37 square 
inches. The areas of the transferred diagrams are by measure- 
ment: HP.. 1.09 square inches; I.P., 1.21 square inches; L.P., 
1.59 square inches, the total being 3.89 square inches. 

The ratio '-^- = 0.528 is a factor illustrating the losses due 
7-37 
to wire-drawing, drop, release, compression, and clearance. It 
.inonis also an insight into the difference between the results 
.jjlained from the working conditions and those to be expected 
rrom the ^me degree of expansion in a single cylinder under 
'.iuwivtii.'ul coiiditions. 

1.09 X40 _ 



MJlJ.*- truni H.P. diagram area 
:IJlJ' :rom l.P. diagram area 



0.387 

1. 21 X4O _ 
1.038 

1.59 X 40 ^ 



ISO- I 



15.9 pounds. 
112.66 

46.6: 



10.9 



= 112.66 pounds. 
46.63 pounds. 
I H .'* TTtfui L.P. diagram area = - 
' -^ ■- r-fy.re M.l'M'. referred to L.P. piston = 

-zEiMLi: ■re>*ure M.K.P. referred to L.P. piston = 

. .J.,!. ,' -eierrtd to L.P. piston = 10.9 + 12.1 -|- 15.9 

^*M 1. --wn expansion curve to zero lines of pressure 
.*= - — -oit. 17.(11 = 17 X 3.863 = 65.67 pounds. 
^^mJL£l*. - 05.67 - 3.5 = 62.17 pounds. 

*•-— 3=-L.-3j» B a mean pressure factor which may 

*"**«^^K.-3e size of cylinder for this type of 
-m» iwwer , the ratio of expansion and 
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Steam per I.H.P. per hour 

^ 13.750X0.915X0.04277X1.1 ^ ,5.,^ ds. 

38.9 

Assuming an evaporation of 8 pounds of water per pound of 
coal, we have 

Coal per I.H.P. per hour = ^'" = 1.99 pounds. 

o 

These results of steam and coal consumption are not economical 
for the triple-expansion type of marine engine. The engines of 
war vessels are designed, however, to run economically at the 
ordinary cruising speeds, the question of economy being of no 
consideration when driven to full power in emergencies. In this 
instance the South Carolina was on her trial trip and was forced 
to the development of 9290 I.H.P., an increase of 12.6 per cent 
over the power for which the engines were designed. 

The steam consumption per I.H.P. per hour, shown by the 
mean indicator diagrams on page 356, when measured at cut-off 
in each cylinder, is as follows: 

For the H.P. cylinder, steam per I.H.P. per hour 
= 13.75° (°-88 X 0.44I - 0-26 X 0.282) ^ ^^ 

10.339 X 38.9 

For the I.P. cylinder, steam per I.H.P. per hour 
= i3.75°Mx2X 0.1822 -0.38X0.085) ^ ^^ g ^^^ 

3.852X38.9 

For the L.P. cylinder, steam per I.H.P. per hour 

= ^3.750 (o-5<»6 X 0.055 - 0-398 X 0.0098) ^ ^ g^ ^^^^^ 

38.9 

As an illustration of the use of the mean pressure factor of 
0.626 found above in the design of triple-expansion engines of 
war vessels, we will take the case of the battleship South Carolina, 
each of whose engines was to develop 8250 I.H.P. at 125 r.p.m. 
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and absolute initial pressure at the H.P. cylinder of 265 pounds. 
The strdce was predetermined to be 4 feet, the back pressure 
to be 3.5 pounds, and the ratio of expansion to be x8. 
M.E.P. from expansion curve to zero lines of pressure and 

volume - ^ ^y^ \,^' ^ ^ - ^ o^ "• S7-22 pounds. 

18 18 

M.E.P. to be expected = (57.22 — 3.5) 0.626 - 33.63 pounds. 
Denoting the area of the L.P. piston by A, we shall have 

. 8250 X 33yOOO g^ sauare inches 
33.63X4X250 »<^S square mches. 

The diameter corresponding to thb area is 104 inches, so it is 
desirable to have two L.P. cyUnders, each of a cross-section area 
of -^^ « 4048 square inches. Adding 20.64 sqiiare indies for 
the half-section area of a 7.25-inch rod, we have 4048 + 20.64 ^ 
4068.64 sqiiare inches as the net area of each L J^. piston. Then 

Diameter of each L.P. cylinder « \/- — r^ - 71 -07 inches. 

^ 0.7854 ^' 

The diameter used was 72 inches. 




ISO- Valve Design. — The essential features and functions of 
the slide valve have been considered in Chapter V, and it is now 
the intention to consider, with a degree of particularity sufficient 
for practical purposes, the main features of its design. 

No detail of the steam engine is of more importance than 
the correct design of its valve gear, which includes the valve 
and the mechanism that gives it motion, A defective design 
may occasion a loss in fuel as great as 20 per cent, and cause 
an unevenness in the motion of the engine with a resulting 
wear and tear in the working parts that may lead to serious 
casualty. 

The angularities of the eccentric and connecting rods intro- 
duce such irregularities into the motion of the valve and of the 
piston that mathematical formulie showing their relative posi- 
tions during the distribuUon of the steam in the cylinder are 
too abstruse and complicated for practical use. Of the graphic 
methods devised to simplify the problem, that of Zeuner is as 
simple and complete as any. It permits the angularity of the 
connecting-rod to be taken into account, though not that of 
the eccentric rod; but since the length of the eccentric rod is 
great compared v,ith the throw of the eccentric its angularity 
introduces an inappreciable irregularity, and the motion given 
to the valve is assumed to be harmonic. The rule and compass 
are the only instruments needed in the construction of the dia- 
gram, and its accuracy depends in no small degree upon the 
skill of the draftsman. 

363 
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Take AB, Fig. 147, equal to the travel of the valve, and bisect 
it at O. Let O represent the center of the shaft, OA the direc- 
tion of the crank when on the dead center, and OE the direction 
of the center line of the 
eccentric, the angular 
advance DOE being de- 
noted by $. On AB as 
a diameter describe a 
circle. The intersectiou, 
E, of this circle with OE 
will represent the center 
of the eccentric, since the 
half-travel of the valve 
is equal to the distance 
between the center of 
the shaft and the center 
of the eccentric. 
The motion of the valve being assumed harmonic the per- 
pendicular EC let fall from E upon AB gives OC as the distance 
the valve has moved from Us mid-position. As the shaft rotates 
the crank will assume the directions Oa, Oa', etc., and the 
eccentric the positions Oe, Oe', etc.; and if from e and e' per- 
pendiculars be let fall upon AB, the distances 0/and Of inter- 
cepted between the center of the circle and the feet of the 
perpendiculars will represent the distances the valve has moved 
from its central position when the crank has the directions Oa 
and Oa' respectively. 

Instead of the crank and eccentric moving in their circular 
^^:>Kt suppose them to remain fixed and the radius OB to revolve 
ai :ie oMKJsite direction and assume the positions Ob and Ob', 
TT— Ti^rwtinf f to Oa and Oa'. From E let fall perpendiculars 
^gpf £i' oa Ob and Ob'. By similar triangles it is easily shown 
•^^■JxxaiOs' are equal respectively to Of and Of; therefore 
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Os and O5' represent equally well the movements of the valve 
from its central position when the crank assumes the directions 
Oa and Oa\ Since the angles OsE and Os'E are right angles, 
the locus of the points s and 5' is the circumference of a circle 
described on OE as a diameter. 

If upon OE fis a diameter a circle be described, the radii 
vectors Os and Os^ give the distances the valve has moved from 
its central position for the angular positions Ob and 06' of the 
crank, it being remembered that for the eccentric positions Oe 
and O^ the real crank positions would be Oa and Oa\ This 
artifice is usual and convenient in the construction of the Zeuner 
diagram and contributes to its simplicity. 

A precisely similar construction and reasoning will show that 
a circle described on a diameter 0E\ equal to and diametrically 
opposite to OE, so that EE' is a straight line, will give, by means 
of the crank intercepts, the movement of the valve during the 
return stroke. 

We now have a diagram which shows the distance the valve 
has moved from its central position for any position of the crank, 
and therefore the corresponding position of the piston may be 
found. 'It will be observed that the distance the valve has 
moved from its middle position is the important feature of the 
Zeimer diagram. D 

ig4. Angular Advance of the Eccen- y^ 

trie. — The position of the eccentric /• 
radius when the crank is on the dead / ^ , 
center may be found as follows: [ | " 

Describe a circle AEBE\ Fig. 148, \ I / 
with the throw of the eccentric as a ^^ 
radius. Let OA be the direction of the D^ 

crank when on the dead center. From ^^^' ^^^' 

O set off in a direction away from the crank the distance OC equal 
to the lap plus the lead. Draw the vertical C£, cutting the circle 
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at£. Tlien 0£ will be the position of the eccentric radius iriua 

the crank is on the dead center, and the angle 7X>£ is the oftfiiJar 
advance of the eccentric. This follows from the fact that the valve 
has moved from its central position a distance equal to the lap 
plus the lead when the crank is on the dead center. The above 
construction for the angular advance holds when the valve takes 
steam at its outside edges; but if , as is not infrequently the case, 
the valve takes steam at its inside e<^es, the lap plus the lead 
must be laid off from O towards the crank, and OE will then be 
the position of the eccentric, and IfOE! the angle of advance. 
With a radius equal to the 
throw of the eccentric ot the 
half travel of the valve de- 
scribe the circle AEC', Fig. 
149- Let OA be the direc- 
tion of the crank when on 
the dead center, and OE the 
direction of and equal to the 
throwof theeccentric. Draw 
the diameter DD' perpen- 
dicular to OA . From E drop 
a perpendicular to ^B inter- 
secting it at N. Then ON is the distance the valve has moved 
from its mid-position when the crank is on the dead center. 
From O set off ON' equal to ON, and draw N'C perpendicular 
to AB. Draw the diameter CC. The angle COD = angle 
DOE = angular advance of the eccentric. If the crank move 
to Oa the eccentric will take the position Oe, such that the 
angles AOa and EOe are equal. Drop ej perpendicular to 
AB. Then 0} will be the distance the valve has moved from 
its central position for the crank position Oa. On Oa set ofi 
Of = Of. From what has been shown in Fig. 147, all points 
such as N' and /' will lie in the circumference of two circles 
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described on the diameters OC' and OC, each equal to the 
half travel of the valve, and make an angle \iith the per- 
pendicular to the line of deml centers equal to the angular 
advance of the eccentric measured in the direction opposite to 
that of the motion of the crank. 

If with as a center and a radius OL equal to the outside 
lap of the valve a circle be described, the distance the port is 
open for the admission of steam for any crank position, as Oa, is 
given by the intercepted part rf. This will be well understood 
from the fact that the opening of the port is equal to the move- 
ment of the valve from its central position minus the lap. 

Since OvV" is the movement of the valve from its central 
position when the crank is on the dead center A, it must be 
equal to the lap plus the lead, and since OL is the lap \'L must^ 
therefore, be the lead. 

We may now construct a complete diagram, and in order that 
it be not too complicated it will be drawn for the steam and 
exhaust on only one side of the piston, the side remote from the 
shaft, and the lap. lead, etc., determined by the diagram will 
be for the end of the valve remote from the shaft. 

The stroke of the piston from the head end to the crank end 
of the cyhnder is known as the forward stroke (top stroke in 
vertical engines), and from the crank to the head end, the 
return stroke (bottom stroke in vertical engines). The diagram 
will then give the dimensions of the end of the valve to obtain 
the admission and cut-off of the steam for the forward stroke 
of the piston, and for the release and compression of the same 
steam on the return stroke. 

With a center 0, Fig. 150, and radius OA equal to the half 
travel of the valve, describe a circle. AB being the line of 
dead centers, the diameter DD' is drawn perpendicular to it 
and the angle £X)E, equal to the angular advance, is laid off 
from DO in a direction opposite to that of the motion of the 
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crank as indicated by tiie arrow. On Uie radii OE and OEf a 
diameters describe the circles OyE and OXE'. For the stroke 
under consideration the first of these circles is known as the 
primary valve circle, or steam drcle, and the second as the 
secondary valve circle, or exhaust circle. 

With a radius OL equal to the steam lap describe the arc sLs'. 
Since the admission and cut-off of the steam must take place 
when the distance of the valve from its central position is equal 



to the lap it follows that s and s', the intersections of the lap 
circle with the steam circle, give the crank positions OF and OC 
for admission and cut-off respectively. In like manner release 
and compression occur when the distance of the valve from its 
central position is equal to the inside lap. If then with as a 
center and a radius OL' equal to the inside lap, an arc be de- 
scribed, its intersections e and e' with the exhaust circle will 
give the crank positions OQ and OQ' for release and compres- 
sion respectively. 

Should the exhaust lap be negative, which is not infrequently 
the case for the top stroke of vertical engines, the intersections 
of the exhaust lap circle with the steam circle must be taken to 




J 
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get the crank positions for release and compression. This will 
become evident after a consideration of the fact that the inter- 
cept on the crank position by the steam or the exhaust circle, 
in every instance, gives the distance of the valve from its central 
position. The valve is therefore centered when the intercept is 
zero, that is, when the crank is in the position OP or OP', tan- 
gents to both circles; PP' is therefore perpendicular to EEf. 
Now if the exhaust lap is positive the crank will have to revolve 
beyond OP before the port opens to release and will be inter- 
sected by the exhaust circle. If, however, the exhaust lap be 
negative release will have taken place before the valve is cen- 
tered, or before the crank reaches the position OP, and the 
intercept will therefore be made by the steam circle. 

For any position of the crank, as OY, Oy is the distance of 
the valve from its central position, and the intercepted portion 
xy between the lap and the steam circles is the amount the port 
is open for the admission of steam. The intercepts in the hatched 
area of the steam circle show port openings to steara and there- 
fore LG is the measure of the lead. 

From the relative positions of the crank and eccentric and 
the harmonic motion of the valve it is seen that from the crank 
positions OF to OE the opening of the port to steam contin- 
ually increases, at first quickly and finally slowly; from OE to 
OC the valve is closing the port, at first slowly and finally 
quickly. 

The intercepts in the hatched area of the exhaust circle show 
openings of the port to exhaust. The port will, of course, be 
wide open to exhaust when the valve has moved from its central 
position a distance equal to the exhaust lap plus the width of 
the port, and any further distance the throw of the eccentric 
may cause the valve to move will result in overtravel. If with, 
O as a center and a radius equal to the exhaust lap plus the width 
of the port an arc XZ be drawn the port will be shown 



1 
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■ 

open to exhaust during the period from X to Z and EfE^' mH 
show the overtravel. 

To draw the diagram for the return stroke the exhaust drde 
for the forward stroke becomes the steam drcle for the return 
stroke and vice versa. 

If the steam and exhaust laps are the same for both strokes the 
lap circles must be completed so as to intersect the q[^X)site 
circles and thus give the corresponding events of the return 
stroke. Frequently they are different for the two strokes, in 
which case the correct radu must be used. 

This is essentially the Zeimer valve diagram and by its appli- 
cation the numerous problems of the slide valve may be solved. 
By varying some of the points the alterations in the others may 
easily be found, and by assuming certain elements the remainder 
may be determined. 

Some confusion exists at times as to what is meant by the 
different names given to the strokes of the piston. It should 
be remembered that the stroke known as fofward, ouiwardy top, 
head, and down is that in which the piston moves toward the 
shaft; and the stroke known as return, inward, bottom, crank, and 
up is that in which the piston moves away from the shaft. 

195. Geometric Features of the Diagram. — There are four 
geometric features of the diagram which are useful in the solu- 
tion of problems. 

I. The line joining the points of admission and cut-off is 
tangent to the lap circle. 

In Fig. 151, let OF and OC be the crank positions, respectively, 
for admission and cut-off, and let N^LN be an arc of the lap 
circle. Join FC, cutting EE^ at some point Af. It is required 
to prove that M is the point of tangency of FC and the arc 
N'LN, The triangle FOC is isosceles, and since ME is the 
greatest opening of the port, it is midway between the admission 
■and cut-off of the steam; therefore EE' bisects the vertical 
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w. 



angle FOC and is perpendicular to the base FC and bisects it 
at M. Draw EN, and in the right triangles £OjV and COM 
we shall have the hypotenuse CO equal to the hypotenuse EO. 
The acute angles at E and at C are equal because their sides are 
respectively perpendicular to each other; therefore the triangles 
are equal and ON ~ OM. But ON is the lap; therefore if, with 
O as a center and ON as a radius, the arc N'LN be described it 
will be tangent to FC at M. 
A similar construction and 
reasoning will show that a line 
joining the point of release Q 
with the point of exhaust 
closure, or of compression Q', 
!1 be tangent to the exhaust 

circle. 

. If from the dead point 

. center an arc be described 
that will be tangent to the line Fw, 151. 

t joining the points of admission and cut-off the radius of this 
Srcle will be equal to the lead. 
■ With dead point A, Fig. 151, as a center describe an arc 
tangent to FC; then its radius AT will be equal to the lead. 
Through A draw ^15 parallel to FC, and therefore }>erpen- 
dicular to EE'. The right triangles ASO and EGO are equal, 
and GO = SO. But LO = MO, therefore GL = SM = AT = 
the lead. 

3. If the points of admission and cut-off and maximum open- 
ing of the port to steam were given, or if the points of release 
and compression and the width uf port were given (taking the 
maximum opening of port to exhaust as the width of port), there 
would not be sufficient data to construct the diagram. We can, 
however, determine the travel of the valve from the data given 
in either case and then construct the diagram, thus; 
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With center O, Fig. 152, describe the circle EQQ' with a diam- 
eter taken at'tandom of 2.5 inches. Let Q and Q' be the points 
respectively of release and compFesdon. Hiese ptunte would 
be given by the angles -.SOQ and A0(^, or by some definite part 
ci the stroke, now represented inde£iutely by AB. Jean QQf, 
and &om what has preceded Tre know that QQ' will be tangent 
to the exhaust 1^ drde, and that EEf, tlie perpendicular to QQf 
through O, will ^ve the positi(m of the eccentric, and ind^nitely 




Fig. 151. 
the diameters of the steam and exhaust circles. WE' will then 
represent to some scale the maximum opening to exhaust, which 
is assumed to be the width of the port, given in this case as 
1.5 inches. We would then have the proportion: 

Travel of valve _ ££* _ 2.5 Travel _ 2.5 

Width of port WE' if °^ 1.5 4i 
2-5 X 1-5 X 16 
IS 



Travel = 



= 4 inches. 



TTie practical method of determining the travel would be as 
follows : 
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Draw db and ac, Fig. 153, making any convenient angle with 
each other. Lay oS, ad = WE' of Fig. 152, which, by actual 
measurement, is yf inch. This represents the width of the 
port, in this case 1.5 inches. Lay off oe = 1.5 inches and join 
de. Our scale is now complete. Lay off on ac the distance af = 
EE' of Fig. 152, which is 2.5 inches, and it will represent the 
travel of the valve. From / draw a parallel to de to its inter- 




section g with ab\ then ag, which measures 4 inches, is the 
travel of the valve. The diagram may now be completed. 

If the points of admission and cut-off, F and C, Fig. 152, and 
W'E the maximum opening of the port to steam were given, the 
travel of the valve could be determined in a similar manner. 

,,. ,j , Travel of valve EE' 

We would have rrz : ; = 77777, • 

Max. opemng of steam port WE 

Should the point of admission, the point of cut-off, and the 
lead be given, the travel could be found from the proportion 

Travel of valve EE 



Given lead 



AT 



4. Since EGO^ Fig. 151, is a semicircle and O one extremity 
of its diameter, if at the extremity G of the chord OG (equal to 
the lap plus the lead) a perpendicular be erected it will meet the 
circumference at jE, the other extremity of the diameter. 

196. Information from the Diagram. — An examination of 
Fig. 150 reveals twelve features of the diagram that give im- 
portant information, viz. : 
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1. Admission at F. 

2. Cut-off at C. 

3. Release at Q. 

4. Compression at Q'. 

5. Steam lap, OL. 

6. Exhaust lap, 0L\ 

7. Steam lead, LG = i4r. 

8. Exhaust lead, Z'C. 

9. Travel of valve, EE\ 

10. Maximimi opening of port to steam, RE. 

11. Maximimi opening of port to exhaust, R'Ef\ 

12. Angular advance of the eccentric, ZX>j&. 

Points I, 2, and 4 are frequently given in angular units, and 
these, with some other point in linear imits, are sufficient to con- 
struct the diagram. These points may be given as occurring 
at certain points of the stroke, and in order to find the corre- 
sponding crank positions the drcle described on EE^ (equal 
travel of the valve) as a diameter may be taken to represent 
the stroke of the piston on a new scale; or another circle de- 
scribed with O as a center and to any convenient scale may be 
taken as the crank circle. 

Points I, 2, 5, 7, and 10 belong to the steam side of the dia- 
gram, and points 3, 4, 6, 8, and 11 to the exhaust side, points 9 
and 12 being common to both. 

Three points are sufficient data to construct either the steam 
side or the exhaust side alone, but for the complete diagram 
four points must be given, and one or two of these must belong 
to a different side than the others. One of the given points 
must be in linear units, for if only angles were given the linear 
dimensions of the valve might be made anything we please so 
long as they bear a certain ratio to each other. 

If the width of the port in the face of the cylinder be given as 
a part of the data, it may be taken as the maximum opening of 
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the port to exhaust, since the opening to exhaust will be greater 
than the opening to steam, and the port is made only sufficiently 
wide to allow a full opening. 

If the cut-off be one of the given points it is imderstood to be 
the mean cut-off. The obliquity of the connecting-rod occasions 
a longer cut-off on the stroke toward the shaft than on the 
stroke away from it and a compromise must be made to secure 
the desired mean cut-off. If, for example, the mean cut-off were 
given as 0.6 of the stroke we may determine the crank positions 
at cut-off as follows: On any diameter representing the stroke, 




Fig. 154. 

as RSy Fig. 154, describe a circle. Take Rv equal to 0.6 of RS 
and erect a vertical at Vy intersecting the circumference at P. 
Then CP is the crank position for cut-off on the forward stroke, 

(see page 129) is the error in piston displace- 



and vt = 



2C 



ment due to the angularity of the connecting-rod. Similarly, 
CP' is the crank position for the return stroke, and z;Y the error 
in piston displacement. 

Figure 155 is a complete diagram for the valve of the high- 
pressure cylinder of a triple-expansion marine engine. The 
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theoretical indicator diagrams are shown dotted and the dia- 
grams that may reasonably be expected appear in full lines. 

PROBLEMS 

1. Travel of valve, 4.25 inches; lead angle, 6°; angle at cut-off, 105°. 
Find the lap, lead, and the angular advance of the eccentric. Scale, full 
size. Am. Lap, i A inches; lead, A inch; angular advance, 40° 30'. 

2. Stroke of engine, 3 feet; length of connecting-rod, 5 feet; steam lap, 
I inch; exhaust lap, J inch; width of port, 2 inches; overtravel of the 
exhaust port, J inch. Compression begins when the piston is one-ninth 
of the stroke from the end. Find the travel of the valve, angular advance, 
lead, and the point of cut-off expressed as a decimal of the stroke. Scale 
of stroke, 1, and of diagram, full size. 

Ans. Travel, 4.75 inches; lead, J} inch; angular advance, 8®; 

cut-off, 84.5 per cent. 

3. Crank angle at cut-off, 105°; lead angle, 8°; maximum port opening 
to steam, J inch. Find the travel of the valve, the lap, the lead, and the 
angular advance. Ans. Travel, 3.875 inches; lap, lA inches; 

lead, A inch; angular advance, 42^. 

4. Cut-off, 0.7 stroke; lap, i inch; lead, A inch. Show that the angu- 
lar advance is 36° 25' 28", and that the travel of the valve is 4 inches. 

5. Travel of valve, 5 inches; width of port, 2 inches; opening of port 
to steam, 1.25 inches; exhaust lap, f inch; lead, A inch. Find the angu- 
lar advance, lap, point of cut-off, point of release, point of compression, 
and overtravel. 

Ans. Angular advance, 35® 6'; lap, 1.25 inches; cut-off, 0.71; release, 
94.5 per cent; compression, 86 per cent; overtravel, J inch. 



CHAPTER XVn 

BNTROPT 

197. Entropy. — In a pressure-volume diagnun, such as 
that of the indicator, the energy expended, expressed in foot 
pounds, is represented by the area included by the lines of the 
diagram, the rectangular coSrdinates of which are pressure and 
volume. 

In Fig. 156 let the horizontal throu^ O be the line of absolute 
zero of temperature, and let A denote the thermodynamic state 
point of a substance at 
the absolute tempera- 
ture 7*1. If i quantity 
of heat Q be added to the 
substance such that B 
denotes its state point 
at the absolute tempera- 
ture Ti, then we may 
represent the quantity of 
heat units added by the 
area aABb, and the same 
area would represent the 
^'*'- 'S^- same quantity of heat 

taken from the substance in cooling it from Ti to T^. If this area 
1* tlivided by its mean vertical dimension, the quotient will be 
the horizontal dimension ab, to which the name entropy has been 
ttlvcn, and the lines inclosing the area is a iemperature-eniropy 
illHKnim, the abscissas of which are entropy and the ordinates 
»t»«i|»tf temperatures. 
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Taking as the zero of entropy, Oa is the entropy ijn of the 
substance at its stale point A and Ob its entropy <tii at its stale 
point B, so that 4/1 — <i>2 ^ Ob ~ Oa = ab is the change in 
entropy of the substance due to the addition of Q units of heat. 

If d<t> represents an indefinitely smaJl change in entropy due 
to the addition of an indefinitely small quantity of heat dQ, 
then the temperature T may be regarded as constant during 
the very short time required to add dQ, and we shall have d<ii 

= -±; = — ■=r' ) in which w is the weight of the substance con- 
sidered and c its specific heat. We shall then have 



Entropy = 



- 03 = Tt'C J 



dT 



~~m which Ti and Ti are the absolute temperatures of the substance 
at the commencement and at the end of the change in entropy. 

It will be observed from the preceding paragraph that entropy 
is an abstract ratio, having no physical existence and incapable 
of being measured by any physical means. It is an indescribable 
quality of heat, the significance of which is difficult to grasp, but 
is nevertheless a recognized valuable aid in thermodj-naraic dis- 
cussions not within the sco])e of this book. 

The temperature-entropy diagram is specially applicable to 
the study of the steam turbine, where an indicator diagram is 
impossible, but a table or chart of the entropy of steam must be 
available in order to make calculations. 

198. Temperature-entropy Diagram for Steam. — Entropy 
of steam may be reckoned from any point, but it is usual and 
convenient to consider its zero entropy to be that of water at 
the freezing-fKiint temperature of 3J°F, or 493° absolute, de- 
noted by Tq. 

Consider one pound of water at 33° F which it is desired to 
convert into steam at a temperature of 300° from a feed-water 
temperature of 140°. Then 7'i = 76i°, T'i = 6oi°, and 7"o = 493''. 
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Ttj: -y^Izxt r/yr-iicerec being i piy:r.<:". axsd takmg the ^lednc 
r>ia.t o: -.tftirr. i*, : . we -hill have 

7"- 

/* ^ 

7?ift Tr.ToT/'. ^: --he water when heated from T^ to T- is 

>''^^ 7i — ifj^^ T; = log, '^ci — Iog^403 = 0.2; 

and wh^-n h':aV:d from 7"* to 7": the entropy is 

log^ 761 — log. 6ci = C.25. 

'lake OX ^ltA OV. Fig. 156, as the axes of entropy and temper- 
ature Tf>:\p('(X\\f:\y. To the scale of c.i inch = 40'. locate on 
OY the lf:rri]j^:rdLiur<r- 12\ 14c'. and 30c": and to the inch scale 
lay off on ()X the entropies Oa —0.2 and ah = 0.23. In this 
manner the jK^ints 72 and Ti of the wtz/^ line ciir\'e T^TtTi are 
determined. The heat units supplied to the water during its 
change- of entro[>y from Ta to To is represented by the area OToAa. 
and area aABh rej^resents the units supplied during the change 
from 1 2 to 7']. 

When the boiling [Kjint temperature Ti is reached we know 
that any furtlif r arjrlition of heat does not change Ti, so that 
the heat i.-» adrlerl at constant temperature during the conversion 
of the water at T\ into steam at Ti, the change being isothermal 
and represc-ntcrl by a parallel to OX through B, The quan- 
tity of heat added during this change is obviously the latent 
heat of steam at the 7'i temperature at 761° or at 300° F, which 
is 909.5 B.t.u., and this quantity of heat is represented by the 
rectangular area beneath the isothermal through B, the hori- 
zontal dimension, or the entropy, which is ^/'^ = 1.19, or 

761 

1. 19 inches to our scale, giving the length of the isothermal BC, 
The total entropy of a pound of steam at 300° temperature is 
s found to be 0.2 + 0.23 + 1.19 = 1.62 = Oc. 
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Now suppose the steam from its state point C of temperature 
Ti to expand against a resistance ' to temperature T^, receiving 
from a jacket or otherwise a sufficient amount of heat to keep 
the steam in a dry, saturated condition; then the curve of 
eq>aimon will be CD, the point B falling down the water line 
to A. The area aADd represents the latent heat of steam at Tj 
temperature, or at 140° F, hence the entropy AD is Vs't^ = ^-^S, 
or 1.68 inches to our scale, locating the point D. The curve CD 
is the temperature-entropy curve for dry or saturated steam 
expansion. Points other than C and D are found in a similar 
manner. Thus, the latent heat of steam at 220° is 965.2 B.t.u., 



1 .4 1 7 inches to scale, giving the point F. 



If the steam at its state point D and temperature Ti now have 
its heat abstracted by a condenser so that it exists in the liquid 
state of temperature 7*2, the change in entropy will be DA. 

Then, the total heat supplied is represented by the area 
aABCDd. and the heat rejected to the condenser by the area 
aADd, so that the area ABCD represents the heat converted 

into work, and the efficiency is - ' ■ „ ■ . - ; ■ 
a A BL Da 

If the steam at its state point C and temperature T\ had 

expanded adiabatically to temperature Ti, there could then be 

no area under the expansion line, since there would have been no 

transference of heat and therefore no change in entropy. The 

expansion line would then be along the adiabatit Cc (vertical 

line of constant entropy) and would be represented by CE when 

the temperature faUs to Ti, B again falling to A. During the 

adiabatic expansion some condensation takes place due to the 

work done in overcoming the resistance, so that at the state 

pomt E the original pound of water exists as a mixture of steam 

and water at the temperature Tj. If now the steam in the 

mixture have its latent heat abstracted by a condenser, reduc- 
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ing the mixture to the liquid state at Ti, the change in entropy 
will be EA. 

The total heat supplied in this instance is represented by the 
area aABCc, and the heat rejected to the condenser by the area 
aAEc. leaving the area ABCE to represent the heat converted 
into work. 

The use of the jacket in keeping the steam dry during expan- 
sion occasioned the performance of the additional work repre- 
sented by the area ECD. 

In the first instance when the steam expanded from C to D, 
receiving heat from the jacket to prevent any condensation, we 
had at D a pound of dry steam at temperature Tt, the latent 
heat of which was represented by the area aADd. In the second 
instance when the steam expanded adiabatically from C to E, 
w-e had at £ a pound of a mixture of steam and water at T^, and 
the latent heat of the steam of this mixture was represented by 
the area aAEc. The difference of these areas, which is area cEDti, 
must then represent the latent heat of the steam liquefied during 
the adiabatic espansion. and since all these areas are proportional 
to their horizontal dimensions, we shall ha\e AE representing 
the proportion of steam and ED the proportion of water in the 
mixture at state point E. The dryness fraction of the steam 

AE 



moisture fraction will be —-;:■ 
AD 




CHAPTER XVm 
THE STEAM TURBINE 

199. Turbines. — The word turbine in mechanics signifies 
some form of wheel which revolves on its axis under the impell- 
ing force of a fluid, such as water, air or steam, thus furnishing 
the motive power for the operation of machinery. The most 
familiar example is that of the water turbine, in which a wheel 
is made to revolve by means of the impulse or of the reaction 
of a stream of water. The most recent turbine development is 
that in which the heat energy of steam is the agent employed 
in producing a heat engine that rivals the reciprocating steam 
engine in economical performance. 

200. The Steam Turbine. — In the steam turbine the heat 
energy of the steam is converted into kinetic energy and is 
transferred in that form to the rotating parts of the turbine. 
The steam is admitted in the form of a jet, and if the operation 
of the turbine depends upon the direct impact of the jet it is 
known as an impulse turbine; and if the operation is due to the 
reaction of the jet it is known as a reacH&n turbine. Because of 
their excessive speed, turbines of the purely reaction type are 
not used, but the reaction principle, in combination with an 
impulse action, is employed in the type known as impulse-reaction 
turbines. 

In the simplest form of the impulse turbine, such as that of 
De Laval, the steam jet issues at a high velocity from fixed 
diverging nozzles and impinges on buckets or blades mounted in 
the periphery of a rotating wheel. During the passage of the 
steam through the nozzles, and before impinging on the buckets,, 

383 
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it expands from the initial pressure to the pressure at whidi it 
is exhausted, whether to the atmosphere or to a condenser, so 
that the steam while in contact with the moving buckets is at 
the constant pressure of the exhaust. Diuing the expansion in 
the nozzles the pressure energy of the steam is transformed into 
kinetic energy, the transformation resulting in an enormous 
increase in the volume and velocity of the steam. 

In the impulse-reaction tiurbine, such as that of ParsonSi there 
are alternate rings of fixed and movable blades, the fixed blades 
projecting radially inward from the enveloping casing, while the 
movable blades project radially outward from the surface of a 
cylindrical drum moimted on the shaft of the turbine. The 
steam enters the first ring of fixed blades at initial pressure and 
while passing through these blades it expands, its pressure fall- 
ing, and in thus expanding it does work upon itself and attains 
a velocity. From the fixed blades the steam is deflected so as 
to impinge on the adjacent ring of movable blades, giving up 
to them the energy of its velocity, causing the drum to revolve. 
This action of the steam is purely impulse. In the passage of 
the steam through the moving blades it expands still further, 
the expansion being accompanied with a further fall in pressm^e 
and acquirement of velocity, and as its direction of movement 
is changed it exerts a push on the moving blades as it passes 
to the next ring of fixed blades. This action of the steam on 
the moving blades is purely reaction. This cycle of operations 
is reixwted a number of times until the exhaust pressure is 
reachcil. 

The steam turbine, though stiU in the process of development, 
has alroad>- a wide field of usefulness. It is successfully employed 
in the pn^inilsion of steamships, and is extensively applied to 
belt and rojx^ transmission, and to the operation of electric 
generators, blowers, air compressors and centrifugal pumps. 
It is {xirticularly suitable to the last named application, as the 
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speeds required for the best efficiency of centrifugal pumps are 
readily obtained. 

The loss from friction in the steam turbine, with the exception 
of that in the shaft bearings, is due to the passage of the steam 
through the buckets, and as steam velocities of from 2500 to 
4000 feet per second are not uncommon the friction generated 
may be very great. Particularly is this the case with wet 
steam, the entrained water not only increasing the friction but 
also exerting an erosive action on the buckets. For these 
reasons the use of superheated steam with the steam turbine 
is a necessity if it is to be operated at its maximum efficiency. 

In all turbines the steam is received at high pressure and 
small volume ]>er unit of weight and discharged at a greatly 
increased volume and reduced pressure. The changes are 
directly due to the exijansion of the steam, and the manner 
in which the expansion is effected constitutes the main difference 
in types. 

201. The De Laval Steam Turbines.— One of the earliest and 
most successful steam turbines is that of De Laval, It is of 
the impulse type and, as now manufactured, has a very broad 
field of application. 

De Laval turbines are classified under four types, viz.: 

Class A. — The steam is expanded completely to the terminal 
pressure in one set of nozzles and impinges against a single row 
of buckets or blades, carried by a single wheel. The speed is 
reduced by means of a helical pinion and gear to suit the driven 
machine. This is known as the De Laval Single-stage Geared 
Turbine. 

Class B. — The steam is expanded completely to the lower 

pressure limit in a single set of nozzles, as in Class A, and the 

impulse of the steam is taken by a single row of moving blades, 

but no reduction gear is employed. This is known as the De 

> lAval Single-stage Impulse Turbine. 
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Class C. — The steam is expanded, as in Classes A and B, 
' in a single set of nozzles, but the velocity of the steam is ab- 
stracted by two rows of moving blades, each row mounted on a 
separate wheel with one row of stationary guide blades in between. 
This is known as the De Laval Two-stage Impulse Turbine. 

Class D. — The steam is expanded through successive sets of 
nozzles, with corresponding pressure steps, the velocity pro- 
duced in each stage being expended upon a corresponding row 
of moving blades. The driven machine may be directly con- 
nected or driven by means of a gear according to speed re- 
quirements. This type is known as the De Laval Multi-stage 
Turbine. 

The Class A turbines in units varying from 7 H-P. to 600 H.P. 
are adapted to all conditions requiring moderate speed and high 
steam economy, particularly under condensing conditions. 

The Class B type, now abandoned and superseded by the 
Class C type, was adapted to special work where economy was 
of little importance. 

The Class C type in units of from t H.P. to 750 H.P. is in- 
tended to cover all non-condensing conditions where high speeds 
of from 2400 r.p.m. to 4000 r.p.m. can be used and direct con- 
nection made to small generators, centrifugal pumps, blowers, 
small machinery, etc, With the reduction gear it can be adapted 
for conditions requiring low speed, so that the principal dis- 
tinction between Class A and Class C De La\'aJ turbines is that 
the former is designed for condensing and the latter for non- 
condensing conditions. 

The Class D multi-stage turbine is used for all conditions 
where horse-power is abo\'e the range of Classes A antl C, and is 
used both with and without gear, depending on the nature of 
the machine to be driven. 

A representation of the wheel and divergent nozzle of the 
De Laval turbine is sho^ftTi in Fig. 157. The casing, through 
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which the nozzles enter, and which incloses the wheel, is removed, 
as are also the outer ends of some of the buckets, in order that 
the general idea of the course and action of the steam may be 
clearly illustrated. The nozzles are set at an angle of ao° to 
the plane of the wheel, and one of them is shown transparent so 
t its divergent action may be seen. 




As already stated, the complete expansion of the steam takes 
place during its passage through the nozzle. The steam enters 
the small end at initial pressure and is discharged to the buckets 
at the large end at about atmospheric pressure if the turbine is 
non-condensing, and at a pressure corresponding to the vacuum 
if condensing. The design of the nozzle is of the first importance, 
the object being to secure the conversion of the maximum of the 
heat energy of the steam into kinetic energy, or energy of motion, 
The cross section of the nozzle is determined by the pressure 
and quantity of steam lo be passed and the amount of heat to 
be converted into work. The shape of the De Laval nozzle 
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has been determined by calculations based upon the theoretical 
action of steam during adiabatic expansion and also upon the 
results of a great number of experiments. The entrance o( 
the nozzle is slightly rounded, followed by a narrow throat. The 
cross section of the throat determines the quantity of steam 
that can pass with a given initial pressure. From the throat to 
the outlet the cross section increases in such a way that, as the 
steam continues to expand, there is an approximately uniform 
acceleration in velocity. In the case of water this enlargement 
of section would be accompanied by a reduction in velocity, but 
with steam there is a continual gain in velocity and a decrease 
in density, pressure and temperature. The expansion of the 
steam in the nozzle takes place within an exceedingly brief 
period of time, less than ^-^^ second, so that water particles 
resulting from expansion, or from damj) steam, do not have time 
to form masses of appreciable weight that would have an erosive 
effect upon the blades. 



A section of the De Laval nozzle and valve is shown in Fig. 158. 
Steam of initial pressure in chamber D enters the nozzle through 
the valve H, and after completing its expansion within the 
nozzle impinges . with great velocity on the buckets F. The 
number of nozzles varies from 1 to 15, according to the power 
and steam and exhaust conditions of »the machine, and any 
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number of them may be put out of action by closing their inlet 
* valves, thus regulating the power required. 

It is a condition of efficiency of the De Lavai turbine tJiat the 
steam shall leave the buckets at a minimum velocity, thus 
securing the maximum transference of energy. If there were 
no losses within the buckets, and if the direction of motion of the 
steam were the same as that of the bucket at the moment of 
impact, the buckets would have to move at one-half the velocity 
of the steam in order that the steam should be brought to rest 
by the reversal of the direction of its motion in the bucket. 
As a matter of fact, it is not found feasible to set the nozzles at 
an angle less than 20° to the direction of motion of the buckets. 
Since the velocity of the steam may varj' in practice from z6oo to 
4400 feet per second, the peripheral speeds of the wheel may 
vary from about 1 300 to 2100 feet per second, which is much too 
high for driving ordinary machines, so that gearing is used to 
effect a reduction in the speed. 

The speed reduction gear of the De Laval turbine is a dis- 
tinguishing characteristic. It consists of a double pinion cut 
directly upon the turbine wheel shaft and of cither one or two 
double-gear wheels mounted on the secondary or driven shaft 
or shafts, A fine pitch is used for the teeth in order that a 
large number may be in contact at one time, thus reducing the 
unit pressure between the surfaces of the teeth and preventing 
the lubricant from being forced out, and also reducing the danger 
of breakage. 

In the construction of the wheel of the De La\-al turbine the 
problem of successfiJIy resisting the stresses produced by the 
centrifugal force arising from the high velocity presented itself. 
As these stresses varj- with the square of the velocity, it was 
evident that a wheel in the form of a flat disk would burst at 
the normal speed required for the operation of the turbine, 
so the form of the wheel shown in Fig. iSp was devised to meet- 
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the requirements. As shown by the section view, the wheel is 
heavy al the boss and tapers in section towards the peripheral 
ring to which the buckets are attached. The centrifugal force 
is relatively small at the boss and is a maximum at the periphery. 
The gradual increase in section area from periphery to boss pro- 




FlG, 159. 

vides an excess of material that becomes available for the sup- 
port of the highly stressed section at the periphery. The buckets 
are inserted into milled slots in the peripheral ring of the wheel, 
^ as shown in Fig. 160, and the centrifugal force 

S due to their velocity loads the ring to an amount 

BE^oti equal to the stresses produced in the body of the 

^__^^__^ wheel. The section of the wheel immediately 
under the ring is purposely made small, and so 
designed that fracture will take place at that 
section should the speed approximate double that 
of the normal. A fracture of that description 
would break the rim into such small pieces that 
no damage to the wheel case would result, and, 
the buckets then gone, the action of the steam on 
the wheel would immediately cease. The wheels 
are turned from solid steel forgings. and are 
carefully polished in order to minimize the I<bs 
Fio. 160. Qf power due to friction between the disk and 
the steam. The wheels of the larger sizes are made solid in' 
body in order to give the maximum of supporting material at 
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Be boss, and, in such cases, the shaft is made in two parts a 
secured to the wheel. 

The De Laval buckets are drop forged irom nickel sta 
They are fully formed in one operation, resulting in a smooth h 
dened surface which resists erosion better than does a machine 
surface. Lugs are formed at the outer ends, each lug touching" 
the bucket in front to form a continuous band over the ends, as 
shown in Fig. i6o. The shank of the bucket is finished with 
parallel sides, except at the inner extremity, where a cylindrical 
bulb is formed. These shanks fit in radial slots milled in the 

a of the turbine wheel, the round part fitting into a hole bora 
transversely through the rim at the bottom of the slot. 




The working parts of a Dc Laval single-geared Class A turbine 
are shown in Fig. i6i. Mounted on the turbine shaft A is the 
turbine wheel B with the buckets fitted around its circumference. 
The pinion C is made solid with the shaft, and, when in position, 
meshes with the teeth of the gear wheel U mounted on the power 
shaft /. The pinion bearings, E and D, and the power-shaft 
bearings, J and L, are in two parts as shown. The ball bearing 
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F bears most of the weight of the wheel and is self-adjusting, 
being held in its seat by a cap and springs. The packing bush- 
ing G prevents leaks of air or steam where the shaft passes 
through the wheel case. These bushings are made of babbitt, 
lined with a special composition of graphite, so that they do not 
require lubrication, and the graphite forms a film between the 
shaft and the bushing that effectual!}- prevents leakage. The 
packing bushing is spHt, so that it can easily be removed, and is 
held in place against a spherical seat by a nut and spring. The 
spherical seat is made in the form of a floating ring, so that the 
bushing is free to move in response to any oscillations of 
the turbine shaft. The governor is shown at n. In detail, the 
governing mechanism consists of two weights mounted on a 
governor head. The weights are hinged on knife edges and act 
against a spring, which can be adjusted by a spanner nut. The 
weights, in moving outward, press upon a collar on a spindle, 
pushing the latter outward and at the same time compressing 
the spring. This spindle, in turn, presses against a bell-crank 
lever operating the throttle valve through which steam is ad- 
mitted to the steam chest of the turbine, 

A horizontal section of a single-geared De Laval turbine is 
shown in Fig. 162. Steam enters the nozzle chamber 1'. passing 
thence through the nozzles to act on the buckets of the wheel C, 
and then escapes to exhaust chamber W. The wheel is inclosed 
between the case A and cover B. The packing bushings are 
shown at J and K. The pinion bearings are P and Q, and M 
is the gear wheel mounted on the power shaft I-'. The governor 
T is held in the end of the power shaft by a tapered shank. 
The driven shaft is coupled to the power shaft by means of the 
flexible coupling R. 

302. The De Laval Two-stage Impulse Turbine, — In the 
single-stage De Laval turbine, where the bucket velocity approxi- 
mates one-half the velocity of the steam that has been expanded 
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from the initial to the terminal pressure in one nozzle, the neces- 
sary reduction of the speed to the speed required for the driven 
machine is obtained by means of gearing. This arrangement 
has given the highest steam economy for turbines of all sizes 
up to 500 H.P., and while the use of the gear improves conditions 
for both the driven and driving machines by permitting each 
to run at its most advantageous speed, still the expense in- 
volved has prevented the general introduction of the geared 
turbine in many situations where small power is required, such 
as for driving steam-plant auxiliaries, including pumps, fans, 
stokers, exciters, etc., and in the operation of small units on ship- 
board, as ballast pumps, lighting sets, ventilating fans, etc. 

In the Dc Laval Class C two-stage impulse turbine the speed 
reduction is obtained by having two rows of moving buckets to 
abstract the velocity of the steam, the two rows being separated 
by a row of stationary guide vanes similar in form to the buckets 
and held by dovetail sockets in a steel ring within the casing. 
This ring is made wide enough to serve as armor to prevent 
damage in case the wheels should be disrupted by over-speeding. 
Each row of moving buckets is carried in the' periphery of a 
separate wheel mounted on the shaft. 

The steam is expanded to the exhaust pressure, as in the 
Class A type, and on issuing from the nozzles delivers the first 
impulse to the first row of moving buckets, thus parting with 
some of its velocity energy. As it discharges from the first row 
of buckets the steam is directed by the guide vanes so as to give 
the second impulse to the second row of buckets, which is accom- 
panied with a further abstraction of velocity energy. 

In Fig. 163 is shown a view from above into the turbine case 
after the rotating parts and bearings have been removed. The 
individual nozzles by which steam is directed upon the first 
row of moving buckets and the intermediate stationary guide 
vanes by which the steam is directed upon the second row of 
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moving buckets are seen in place. In Fig, 164 is shown the 
complete rotating member and bearings removed from the 
casing. The diagram, Fig. 165, shows the relative positions of 




buckets, guide vanes, nozzles and controlling valves. In Fig. 166 
15 shown the steel armor ring holding the guide vanes which 
receive the steam discharged from tlie lirst row of moving buckets 
and redirect it upon the second row of buckets. 




te3. The De Laval Multi-stage Turbine. — The types of the 
De Laval turbine in which the complete expansion of the steam 
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phragms but also the rotating wheels, and provides a complete 
lining of forged steel for the wheel case, and protecting it from 
damage if by any chance a wheel should burst. The buckets, 
or blades, against which the steam impinges are similar to those 
of Class A, and are secured in the rims of the revolving wheels 
in the same manner. 




The speed reduction is controlled by the number of stages of 
the expansion. If, for example, the turbine were supplied with 
steam at pressure pi and exhausted at pressure pi, the heat 
energy converted into kinetic energy would be Hi' — Hi', under 
the supposition that the steam expanded adiabatically. Then, 
if the turbine were designed for equal steam velocity in each 

stage, the kinetic energy for each of n stages would be -^ ^j 

expressed in B.t.u., the corresponding velocity of which may be 
found from the Motlier total-heat-entropy diagram. Since for^ 
the maximum abstraction of the velocity energy of the steam; 
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He velocity of the buckets should be about one-haif that of the 
steam, it follows that the speed of the buckets will be that corre- 



spoiwiing to ■ 



, expressed in feet per second. 



For example, if steam at i6o pounds pressure and ioo° of 
superheat were supplied to a ten-stage impulse turbine and 
exhausted at a pressure of 2 pounds, the turbine design pro-viding 
for an equal steam velocity in each stage, we find from the 
Mollier diagram that the kinetic energy of the steam in each 
g,'-//a' _ 1253 -Q47 _ 



stage 1 



= 30,6 B.t.u., the correspond- 



ing velocity of which is 1230 feet per second, so that the bucket 

I speed would be about 61 5 feet per second. 

I Had the complete expansion taken place in a single nozzle, as 
in the Class A single-stage De Laval type of turbine, the con- 

I version into kinetic energy of Hi — ifj' = 1253 — 947 = 306 
B.t.u. would give to the steam a velocity of 3920 feet per second, 
giving a bucket velocity of about i960 feet per second. 

In each stage of the expansion from the initial to the exhaust 
pressure, the steam as it discharges from a row of moving buckets 
is directed by the guide-vanes to the buckets of the next succeed- 
ing wheel, the velocity produced in each stage being expended 
upon a corresponding row of moving buckets. 

' The increase in the cross- sectional area of the passages re- 

quired for the expansion of the steam as it passes through the 
turbine is gained by lengthening the buckets, reducing the 
diameters of the wheels correspondingly, and by increasing 
the bore of the casing, as shown in Fig. 167. 

204. The Parsons Turbine. — A well-known type of the im- 
pulse-reaction turbine is that of Parsons, in which the steam 
acts alternately on rings of fixed and movable blades. The 

£;s project radially inward from the enveloping casing, 
movable blades project radially outward from the 
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surface of a hollow cylindrical drum, which is co-axial with the 
casing and mounted on the shaft of the turbine. The action 
of the steam on the blades is shown in Fig. 169, the arrows indi- 
cating the course of the steam. The entering steam first en- 
counters row I of fixed blades, and in passing through them a 
partial expansion of the steam takes place, accompanied by a 
pressure fall and a conversion of heat energy into velocity 
energy. The steam then enters row 2 of moving blades, deliver- 
ing to them an impulse due to its acquired velocity. In passing 
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through the moving blades a further expansion of the steam 
takes place, acc'ompanied by another fall in pressure and acquire- 
ment of velocity, and in leaving the blades the steam delivers 
to them a push in the nature of reaction, due to the reluctance 
of the expanding steam current to having its direction of motion 
changed. These impulse and reaction forces are the contribut- 
ing causes of the rotation of the drum or rotor. This cycle 
of operations of the steam between the alternate fixed and mov- 
able blades is repeated until the de^ed pressure of exhaust 
is leachcd. 

The pass.ages through the blades are of constantly increa^ng 
Uca corresponding to the increased volume of the steam due to 
its exp&nsitw. This increase in area of the passages is obtained 
kK («v<(T«ssi\Tly increasing the length of the blades until the 
anKloMnU limit of such increase is reached, at which point 
i of the drum and casing are abruptly increased, 
% (or another progression in the heights of the blades. 
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The expansion of the steam continues, its volume increasing 
until the height of blades required again becomes excessive, 
when the drum diameter is again increased and the blade heights 
reduced on the enlarged diameter. These steps in the expansion 
are continued until the pressure of the exhaust is reached. As 
the design of the turbine is such as to provide for an equal steam 
velocity in each stage of the expansion, it follows that the rota- 
tional speed of the rotor is determined by the number of stages 
in the expansion. The number of stages vary from 50 to 70, 
the rotational speed of the rotor varying from 500 r.p.m. to 
1000 r.p.m. in marine practice, and from 1500 r.p.m, to 5000 
r.p.m. in stationary practice. The capacities vary from 1000 
H.P. to 10,000 H.P., the initial steam pressure varying from 
90 pounds to 175 pounds absolute. 

A longitudinal section of the Parsons turbine, as developed in 
this country by the Westinghouse Machine Company, and known 

I as the Westinghouse-Parsons turbine, is shown in Fig. 170. 
Steam enters through the governor valve into the space A and 
passes out to the left through the first ring of fixed blades, issu- 
ing thence to act on the first ring of movable blades as explained. 
The steam continues its expansion through successive stages, 

I 60 in this instance, and is finally exhausted through D to the 
condenser. In providing for the passage of the increasing volume 

' of the steam it will be observed that the heights of the blades 
progressively increase through the three steps R, R, R in the 

' expansion. To prevent an end thrust to the left on the shaft, 
due to the pressure of the steam as it passes through the turbine, 
the balance disks P. P, P are provided. There can be no end 

I thrust from the steam at A, because the pressures on P and on 

[ the blades are equal and opposite. The steam pressures to the 

I left on the annular surfaces of the drum where tlie diameters 
are increased are balanced by equal pressures to the right on 
P,P hy means of the balance ports E, E. Similarly, there 
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balance of the exhaust pressure on the left end of the rotor 
and on the right side of the largest of the balance disks by means 
of the lowest balance port E, A small thrust bearing is shown 
on the right which, however, has no thrust to take care of, but 
serves to maintain the correct adjustment of the balance disks. 

The shaft passes through the stuffing-boxes W, W, which are 
carefully made to preserve the vacuum by preventing air leak- 
ing into the exhaust chamber. 

The governor is driven by a screw and worm gearing con- 
tained in the chamber G, and operates, by suitable connections, 
the steam valve Vi. The secondary valve Vt supplies steam 
for overloads. 

205. Westinghouse Turbines for Small Powers. — The field 
of application of the steam turbine in small powers, already 
extensive, is still growing, displacing the reciprocating engine 
in many instances. The Westinghouse Machine Company 
classifies under four heads the applications of its small power 
turbine as follows: 

1. Direct-current Generators: 

(a) Excitation. 

(b) Train lighting. 

(c) Small industrial plants. 

(d) Railway signal service. 

2. Alternating-current Generators: 

(a) Lighting and power. 

3 . Centrifugal Pumps : 

(a) Condenser auxiliary service. 

(b) Elevator service. 

(c) Boiler feeding. 

(d) Fire service — marine or stationary equipments. 

(e) Water supply for moderate or high lift. • 

(f) Irrigation and dredging. 
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4. Centrifugal Blowers or Exhausters: 

(a) Ventilation. 

(b) Blast for furnaces. 

(c) Mechanical draft — forced or induced. 

(d) Compressor service — air or gas, moderate pressures. 

The proper type of turbine to be used depends upon local con- 
ditions. Generally speaking, high-pressure non-condensing ma- 
chines should be used where water for condensing purposes is 
not available and where fuel is cheap, or where the exhaust 
from the turbine may be utilized in heating boiler feed water, 
or for other heating purposes. The turbine has a decided advan- 
tage over the reciprocating engine, in that its exhaust is free 
from oil, and, consequently, when used in a feed-water heater of 
the open type does not contaminate the water going to the boilers. 

High-pressure condensing turbines should be used where 
water for condensing purposes is available and where fuel is 
comparatively exp)ensive. 

Low-pressure turbines furnish a most satisfactory solution of 
the problem of increasing the capacity of an existing plant 
where non-condensing reciprocating engines are installed and 
condensing water is available. By the installation of a low- 
pressure turbine and condenser under these conditions, upwards 
of 60 per cent increase in capacity may be obtained without 
enlarging the boiler plant, the additional power developed 
depending on the amount of exhaust steam available from the 
non-condensing units. 

The Westinghouse small power turbine consists of a single 
wheel, on which is mounted a single row of blades, the wheel 
being inclosed in a horizontally split casing containing the 
nozzles and reversing chambers. 

The ftioving wheel, or rotor, is a high-grade steel casting, 
accurately machined and balanced. The blades are inserted in 
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a groove cut in the periphery of the wheel, and held in place 
by rivets. A section through the bottom half of the casing 
is shown diagrammatically in Fig. 171. 

Steam enters the turbine at the inlet and passes through the 
first-stage nozzles, where its pressure is reduced by ejqiansion 
and its velocity increased. Leaving the nozzles it impinges on 
the moving blades, which are shown in solid section, giving up 
part of its velocity energy, and thence passes to the first revers- 
ing chamber, where its direction is changed and it is made to 




pass again through the moving blades, giving up to them the 
balance of the velocity energy acquired in the first-stage nozzles. 
The steam then passes through the second-stage nozzles, expand- 
ing and acquiring velocity energy, and then repeats the cycle of 
the first stage, finally passing to the exhaust. The dotted line 
shows the course of the steam through the two stages. 

Turbines of this tj-pe of 50 H.P., or less, have but one set 
of nozzles and one reversing chamber; all others up to 200 H.P. 
have two stages. 

206. The Curtis Turbine. — A well-known type of multi-stage 
impulse turbine is that invented by C. G. Curtis and built by 
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the General Electric Company, It combines features of both 

the De Laval and the Parsons types. The expansion of the 
steam takes place in stationary divergent nozzles, but instead of 
the steam expanding completely in one set of nozzles, as in the 
De Laval machine, it expands in stages, each stage being accom- 
panied by a pressure drop. In each stage of the expansion the 
steam acquires a relatively high velocity and then passes, with- 
out further expansion, through movable and stationary buckets 
to the nozzles of the next stage. 




The diagrammatic sketch, Fig. 172, shows the course of the 
steam and the arrangement of the nozzles and buckets of a two- 
stage Curtis turbine, the nozzles and buckets being shown both 
in plan and in vertical section. Steam entering the steam 
chest B passes through one or more valves to the bowls C. 
The number of valves open depends upon the load, the action 
of the valves being controlled by the governor. From the bowls 
C the steam expands through divergent nozzles D, losing pres- 
sure and acquiring velocity. It then enters the first row of 
revolving buckets of the first stage at E, delivering to them 
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[fi^^mpulse due to the velocity, and then passes through the 
stationary buckets F, which reverse its direction and redirect 
it against the second row of revolving buckets G. 

This constitutes the performance of the steam through one 
stage. Having entered the first row of buckets at E with rela- 
tively high velocity, it leaves the row G with a relatively low 
velocity, its velocity energy having been abstracted during the 
passage. Since the expansion from C to E in the nozzles D 
covered only a part of the available pressure range, the steam 
contains a large amount of unexpended energy. The expansion 
process is, therefore, repeated in a second stage. 

The steam having left the buckets G, and having had its 
velocity greatly reduced, reaches a second series of bowls H, 
opening u^ion a second series of nozzles /, Through these nozzles 
the steam expands from the first-stage pressure to some lower 
pressure, again acquiring relatively high velocity in its expan- 
sion through the nozzles, leaving them at J and impinging upon 
and passing through the moving and stationary buckets A', L 
and M. precisely as in the first stage, the velocity acquired 
in the nozzles being expended in passing through the buckets, 
the steam leaving the second row of moving buckets M with 
relatively low velocity. 

This process is continued in the larger machines throu^ 
several additional stages. As now constructed, the Curtis 
machines have a single stage in the very small sizes up to hjc 
or seven stages in the larger ones. 

During the passage of the steam from Eto H the pressure has 
remained practically constant, so that there is no tendency for 
the steam to pass otherwise than directly through the buckets, 
thus avoiding the necessity of maintaining a small clearance 
between the ends of the revoKong buckets and the casing, as is 
the case in reaction turbines. In practice there is from one to 
two inches clearance in the Curtis machine. In consequence 



L 



d 



408 STEAM ENGINEERING 

also of the pressure being the same at E and H there is no tend- 
ency to move the wheel in an axial direction, and hence no 
need of balance pistons to take up end thrust. 

To provide for a greater area of passage as the steam expands 
from stage to stage, the number and area of the nozzles, as well 
as the length of the buckets, are increased. The nozzles of the 
first stage extend around a small portion only of the periphery, 
so that only those buckets adjacent to the nozzles at any instant 
are carrying active steam. This applies equally to the station- 
ary row and second revolving row; in fact, the stationary 
buckets, as built, extend over an arc not much greater than the 
nozzle arc. In the second stage, however, the nozzle arc be- 
comes longer and wider, thus permitting the flow of steam 
through a greater nimiber of revolving buckets and necessitating 
a longer arc of stationary buckets. Finally, when the low- 
pressure stages are reached, the nozzles and stationary buckets 
extend aroimd the whole circumference. Greater area for the 
flow of steam is provided also by increasing the length of the 
buckets. Usually the buckets of the first or high-pressure stage 
are something less than an inch in length, while those in the 
low-pressure stages may be eight or ten inches long. 

This lengthening of the buckets from one stage to the other 
to assist in providing the proper area space for the passage of 
the expanding steam must not be confused with the difference 
in size of the two rows in any given stage. The typical relation 
of moving and stationary buckets in any given stage is shown 
diagrammatically in Fig. 173, where A and C are the moving 
and B the stationary buckets. It will be observed that B and 
C are progressively longer than A , and that the outer ends of the 
revolving buckets and the base of the stationary buckets form 
a line diverging from the parallel to the axis. It is erroneous 
to assume that this divergence of the bucket area is to provide 
for an increase in volume due to expansion. In fact, the steam 
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enters bucket A at high velocity and leaves bucket C at a com- 
paratively low velocity, and in its passage a continuous drop in 
velocity has taken place requiring a progressively increasing area 
of passageway. The buckets are so designed that the product 
of the area and velocity is constant throughout the passage, the 
pressure and specilic volume of the steam remaining constant.. - 




In general terms, the Curtis turbine derives its energy t 
the expansion of steam in a series of steps or stages. Each stage 
may contain two or more rows of rotating buckets with station- 
ary reversing buckets between them. The impulse given to the 
moving buckets by the steam and the passage of the steam 
through the buckets is due to velocity, there being practically 
no expansion in the stage, the actual expansion being accom- 
plished in the nozzle passages between the stages. 

Curtis turbine wheels consist of steel disks carrying the rotat- 
ing buckets on their peripheries. In some cases the two rows of 
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buckets are carried on separate disks and in others by a single 
disk. The buckets are held in the periphery by a dovetail- 
shaped root which fits snugly into a channel of similar section in 
the rim, as shown in Fig. 173. 
In Fig. 174 is shown the wheel 
rim with a row of rims partially 
inserted. At intervals the dove- 
tail channel b opened for the 
insertion of buckets as shown at 
A , the openings being afterward 
lijled with a spacing block. After 
the buckets are assembled, a 
shroud ring B. B is riveted to 
tJicir outer ends. The function 
of this ring is partly to stiffen 
the completed row and reduce 
vibration, but more especially 
Id assist in retaining the steam 
llow in the bucket space. 

A horizontal five-stage Curtis 
turbine with top half of casing 
. The revolving wheels are indi- 
cated at A and the diaphragms between the stages at B. 

The Curtis multi-stage turbine is well adapted to the develop- 
ment of large powers, installations of capacities as great as 
16,000 H.P. being in successful operation. 

207. The Curtis Low- and Mixed-pressure Turbines. — For 
the development of intermediate powers, the General Electric 
Company has adapted the Curtis turbine to the use of low- 
pressure steam. In this form they are known as low-pressure 
and mixed-pressure turbines, and are of the same general con- 
struction as the high-pressure machines, but as they work 
through a smaller pressure range they have fewer stages, and 




removed is shown in Fig. ] 
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r capacities are governed by varying the pressure of the 
steam instead of varying the number of working nozzles, as is 
the case with the high-pressure turbines. 

The low-pressure machine is designed to utilize the exhaust 
steam from reciprocating engines, pumps, air compressors, 
hoists, etc., in converting it into useful power. The mixed- 




pressure turbine, in addition, is designed to carry all or any pro- 
portion of its rated load on higfa-pressure steam; special nozzles 
are provided for this purpose, and are automatically brought 
into action in case the supply of low-pressure steam is for any 
reason insufficient for the power required from the turbine. 

The special nozzles of the mixed-pressure machines receive 
their steam direct from the boiler and, after expansion, deliver 
it to the same wheel as do the low-pressure nozzles. The steam 
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ing conditions. A lOO k.w., 2400 r.p.m,, two-wheel set is 
shown m Fig. 176. It will be noted that the rotating element 




of the overhung design is practically a single piece made up of 
a shaft carrying the armature, commutator and wheels. There 
are only two bearings, the number that would be required for 
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the armature alone in the case of an ordinary motor or generator. 
so that the addition of the turbine has not complicated the rotor 
from an operating standpoint. 

209. The Rateau Turbine. — The most prominent among 
steam turbines, other than those already described, is that of 
Rateau. It is of the impulse type and consists of a series of 
disks mounted on the shaft and carrying buckets in their periph- 
eries. Each disk rotates in a compartment of its own formed 
by diaphragms projecting inward from the casing and extending 
to a close running fit to the shaft. Each diaphragm is fitted 
with guide buckets opposite to the buckets of the rotating disks. 

Steam enters the buckets of the first diaphragm, where a 
partial expansion and acquirement of velocity, accompanied by 
a pressure fall, takes place; thence the steam enters the buckets 
of the first rotating disk, delivering to them an impulse due 
to the acquired velocity. Passing from the first set of moving 
buckets, the steam enters the buckets of the second diaphragm, 
where a further expansion and acquirement of velocity takes 
place, thence to the second set of rotating buckets, and so on 
through successive expansion steps until the pressure of exhaust 
is reached. 

It is. in effect, a multiplication of the De Laval principle, the 
expansions taking place in the stationary buckets and the pressure 
remaining constant during the passage of the steam through the 
moving buckets, thus avoiding end thrust on the shaft. 
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TESTING OF ENGINES AND BOILERS 



2IO. The Dynamometer. — In testing an engine it is neces- 
sary to determine the brake horse-power (B.H.P.), or the useful 
power delivered to the shaft independent of the power absorbed 
in friction in driving the engine itself, and for this purpose some 
form of dynamometer is used. A form of the absorption dyna- 
mometer, known as the Prony brake, is shown in Fig. 177. A 




drum pulley A , keyed to the engine shaft C, has a strap 5, S 
partially encircling it. Bolted to the strap and bearing on the 
pulley is a series of wooden blocks b, b, A beam of wood B 
has a wooden shoe D, which also bears on the pulley. The 
weight w is adjustable, and serves to balance the preponderance 
of that part of the beam to the right of the center of the shaft. 
If the strap 5, S be tightened about the pulley by means of 
the nuts », n one of two things must happen when the engine 
starts and the drum revolves in the direction of the arrow: 
either the grip of the strap must be sufficient to carry the blocks 
and beam around with the pulley, or the pulley must slip around 
over the blocks. In practice the nuts are so adjusted that the 
pulley just slips over the blocks. 
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The resistance to the carrying of the beam and blocks around 
with the pulley is the pressure W made to act on a platform 
scales as shown, so that its amomit may be measured in pounds. 
The resistance to the pulley slij^ing aroimd in the strap is the 
friction F. 

At the moment of slipping we shall have, by moments about 

Wa 
the center of the shaft, Fr = Wa, whence F = , in which r 

is the radius of the pulley and a the distance from the center of 
the shaft to the line of pressure on the scales. 
For one revolution of the shaft, the work done is 

Wa 
F X 2 xr = — X 2 xr = 2 raW foot pounds, 

when a is measured in feet and W in pounds. 

For n revolutions of the shaft the work is 2 imaWy and the 

brake horse-power is • If a be taken as ^ = c.2«; feet. 

33,ooo ^ 2ir ^ ^ ^ 

then the brake horse-power is 

lOOO 

In practice the pulley is kept cool by circulating water within 
it. If both the rubbing surfaces are metallic they should be 
freely lubricated. An iron pulley rubbing over wooden blocks, 
as in Fig. 177, requires little lubrication. 

211. Objects of Engine and Boiler Tests. — The installation 
of engine and boiler plants is usually done by contract, and the 
only means of determining whether the stipulations of the 
contract have been fulfilled is to test the engine and boiler as 
a system. Preceding the commencement of such a test, the 
engine should be run for several hours under the test conditions, 
and it is very necessary that the conditions remain constant 
during the test. This is particularly true with respect to the 
steam pressure. It is equally important that the measuring 
instruments, such as thermometers, gauges, indicators and 
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scales, should be standardized before the commencement of the 
test. 

Everj'thing pertaining to the cost of the operation and main- 
Lenance of a plant enters into its economy, and it is the province 
of the engineer to obtain the best results at the minimum of 
cost, and this can be done only by making periodic tests under 
the working conditions. 

The primary object in testing a steam engine is to deter- 
mine the cost of the power developed. The mean effective 
pressure, as determined from the indicator diagram, is the 
exponent of the power, and the cost per horse-power per hour 
is expressed in thermal units, in pounds of steam, or in pounds 
of coal. 

1/ the measure is to be in pounds of steam per I.H.P. per hour 
there are two methods — one for the surface-condensing type 
of engine and one for the jet-condensing and non-condensing 
types. With the surface-condensing engine the water resulting 
from the condensation of the exhaust steam is carefully weighed, 
allowance being made for all steam used for purposes incidental 
to the operation of the engine, and correction being made for 
moisture in the steam. An hour's duration of such a test 
should be sufficient to obtain accurate results. In testing non- 
condensing and jet-condensing engines, the weight of steam per 
I.H.P. per hour is determined by carefully weighing the feed 
water supplied to the boilers, always making allowance for 
steam used for purposes other than for driving the engine, such, 
for example, as for pumping, for jackets, for heating and for 
calorimeter tests. 

When the measure is made in pounds of coal per I.H.P. per 
hour, the test must be one of the engine and of the boiler 
combined, in which all the precautions stipulated for a boiler 
test are to be observed, and the coal carefully weighed. The 
duration of such trials is from 12 to 24 hours. 
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Tests may be made to determine the economy derived from 
the use of such appurtenances as jackets, feed-water heaters, 
economizers, etc. 

The primary object in testing a boiler is to determine the 
number of pounds of water evaporated per pound of coal, and 
the conditions of the test should be such that the boiler is not 
forced beyond what is supposed to be its rated capacity. To 
force a boiler to its utmost would be a test of its capacity, but 
since it is far from economical to operate a boiler in that manner, 
such tests are not of common occurrence. 

The Codes of Rules of the American Society of Mechanical 
Engineers for conducting performance tests of boilers; recipro- 
cating steam engines; steam turbines; complete steam power 
plants; pumping machinery; complete pimiping plants; com- 
pressors, blowers, and fans; locomotives; gas producers; gas 
and oil engines; complete gas power plants; and water wheels 
are standard and should be followed in all cases. 

The Power Test Committee of the Society has submitted its 
preliminary report on the Codes of 191 2 and, though subject to 
revision, it is not likely that material change will be made in 
the extracts given below. 

Extracts from the Preliminary Report of the Power 

Test Committee, Codes of 1912, the American Society 

of Mecilvnical Engineers, New York 

instructions regarding tests in general 

OBJECT 

Ascertain the s]x\nfic object of the test, and keep this in \'iew 
not only in the work of preparation, but also during the progress 
of the. test, and do not let it be obscured by devoting too close 
attention to matters of minor importance. WTiatcver the 
object of the test may be, accuracy and reliability must underlie 
the work from beginning to end. 
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questions of fulfillmenl of contract arc involved, there 
should be a clear understanding between aU the parties, pref- 
erably in writing, as to the operating conditions which should 
obtain during the trial, and as to the methods of testing to be 
followed, unless these are already expressed in the contract itself. 
Among the many objects of performance itsls, the following may be 
no ltd : 

Determinadon oE capacity and ef&dency, and how these compare 
with standard or guaranteed results. 

Comparison of different conditions or methods of operation. 
Determination of the cause ot either inferior or superior results. 
Comparison of different kinds of fuel. 

Determination of the effect of changes of design or proportion upon 
capacity or efRcieticy, etc. 

PREPAR-^TIONS 
(A) Dimensions 

Measure the dimensions of the principal parts of the apparatus 

to be tested, so far as they bear on the objects in view, or 

determine these from correct working drawings. Notice the 

general features of the same, both exterior and interior, and 

make sketches, if needed, to show tmusual points of design. 

The dimensions ot the heating surfaces of boilers and superheaters to be 

found arc those of surfaces in contact with the fire or hot gases. 

The submerged surfaces in boilers at the mean water level should be 

considered as water-heating surfaces, and other surfaces which are 

exposed to the gases as superheating surfaces. 

In the case of condensers, feed-walcr heaters, and the like, the 
outside surfaces are to be taken. In reheaters and steam jackets, 
the surfaces to be considered are those exposed to the steam oE 
I lower pressure. 

The dimensions of engine cylinders should be taken when they are 
cold, and, if txtreme accuracy is required, as in scientific investiga- 
' Uons, corrections should be applied to conform to the mean working 
temperature. If the cylinders are much worn, the average diameter 
I should be found. The clearance of the cylinders may be deter- 
mined approximately from working drawings of the engine. 
accurate work, when practicable, the clearance should be determined 
L by the water measurement method. 
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{B) Examination of Plant 

Make a thorough examination of the physical condition of all 
parts of the plant or apparatus which concern the object in 
view, and record the conditions found, together with any points 
in the matter of operation which bear thereon. 

In boilers, for example, examine for leakage of tubes and riveted or 
• other metal joints. Note the condition of brick furnaces, grates 

and baffles. Examine brick walls and cleaning doors for air leaks, 
either by shutting the damper and observing the escaping smoke 
or by candle-flame test. Determine the condition of heating sur- 
faces with reference to exterior deposits of soot and interior deposits 
of mud or scale. 

See that the steam main is so arranged that condensed and 
entrained water cannot flow back into the boiler. 

Ascertain the interior condition of all steam, air, gas, or water 
cylinders and the condition of their pbtons, and of water plungers and 
impellers, together with the valves and valve-seats belonging thereto. 
Locate vacuum leaks in exhaust piping, condensers, i>ackings, etc., 
using vacuum gauge or candle-flame test. Examine steam, air, gas, 
or water piping, traps, drip valves, blow-off cocks, safety valves, 
relief valves, heaters, etc., and make sure that they do not leak. 
Determine the condition of the blading, nozzles, and valves in 
steam turbines, and of buckets, guides and draft-tubes in water 
turbines. 

If the object of the test is to determine the highest efficiency 
or capacity obtainable, any physical defects, or defects of oper- 
ation, tending to make the result unfavorable, should first be 
remedied, all fouled parts being cleaned, and the whole put in 
first-class condition. If, on the other hand, the object is to 
ascertain the performance under existing conditions, no such 
preparation is either required or desired. 

(C) General Precautions against Leakage 

In steam tests make sure that there is no leakage through 
blow-ofls, drips, etc., or in any steam or water connections of the 
plant or apparatus undergoing test, which would in any way 
affect the results. All such connections should be blanked off 
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or satisfactory assurance should be obtained that there is leak- 
age neither out nor in. This is a most important matter, and 
no assurance should be considered satisfactory unless it is sus- 
ceptible of absolute demonstration. 

(D) Apparatus and Instruments 

Select the apparatus and instruments specified in the Code of 
Rules applying to the test in hand, locate and install the same, 
and complete the preparations for the work in view. 

The arrangement and location of the testing appliances in 
every case must be left to the judgment and ingenuity of the 
engineer in charge, the details being largely dependent upon 
locality and surroundings. One guiding rule, however, should 
always be kept in view, viz., see that the apparatus and instru- 
ments are substantially reliable, and arrange thera in such a way 
as to obtain correct data. 
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MISCELLANEOUS INSTRUCTIONS 

The person in charge of a test should have the aid of a sufficient 
number of assistants, so that he may be free to give special 
attention to any part of the work whenever and wherever it may 
be required. He should make sure that the instruments and 
testing apparatus continually give reliable indications, and that 
the readings are correctly recorded. He should also keep in 
view, at all points, the operation of the plant or part of the 
plant under test and see that the operating conditions determined 
on are maintained and that nothing occurs, either by accident 
or design, to vitiate the data. This last precaution is especially 
needed in guarantee tests. 

Before a test is undertaken, it is important that the boiler, 
engine, or other apparatus concerned, shall have been in opera- 
tion a sufficient length of time to attain working temperatures 
t.erating conditions throughout, so that the results 
y express the true working performance. 
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It would, for example, be manifestly improper to start a test for de- 
termining the maximum efficiency of an externally fired boQer with 
brick setting until tlic boiler had been at work a sufficient number 
o£ days to dry out thoroughly and heat the brickwork lo its work- 
ing temperatare; and likewise improper to begin an engine test 
for determining the performance under certain prearranged con- 
ditions until those conditions had become established by a suitable 
preliminary run. 

An exception should be noted where the object of the test Is 
to obtain the working performance, including the effect of pre- 
liminary heating, in which case all the conditions should con- 
form to those of regular service. 

In preparation for a test to demonstrate maximum efficiency, 
it is desirable to run preliminary tests for the ptupose of de- 
termining the most advantageous conditions. 



OPER.\TING CONDITIONS 
In all tests in which the object is to determine the performance 
under conditions of maximum efficiency, or where it is desired 
to ascertain the effect of predetermined conditions of operation, 
all such conditions which have an appreciable effect upon the 
efficiency should be maintained as nearly uniform during the 
trial as the limitations of practical work, will permit. In a 
stationary steam plant, for example, where maximum efficiency 
is the object in view, there should be uniformity in such matters 
as steam pressure, times of firing, quantity of coal supplied at 
each firing, thickness of fire, and in other firing operations; also 
in the rate of supplying the feed water, in the load on the engine 
or turbine, and in the operating conditions throughout. On the 
other hand, if the object of the test is to determine the per- 
formance under working conditions, no attempt at uniformity is 
either desired or required unless this uniformity corresponds lo 
the regular practice, and when this is the object the usual work- 
ing conditions should prevail throughout the trial. 
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A log of the data should be entered in notebooks or on blank 
sheets suitably prepared in advance. This should be done in 
such manner that the test may be divided into hourly periods, 
or, if necessary, periods of less duration, and the leading data 
obtained for any one or more periods as desired, thereby showing 
the degree of uniformity obtained. 

The readings of the various instnmients and apparatus con- 
cerned in the test other than those showing quantities of con- 
sumption (such as fuel, water, and gas) should be taken at 
inter\'als not exceeding half an hour and entered in the log. 
Whenever the indications fluctuate, the intervals should be re- 
duced according to the extent of the fluctuation. In the case of 
smoke observations, for example, it is often necessary to lake 
observations every minute, or still oftener, continuing these 
throughout the period covering the range of variations. 

Make a memorandum of every event connected with the 
progress of a test, however unnecessary at the time it may appear, 
A record should be made of the exact time of every such oc- 
currence and the time of taking every weight and every observa- 
tion. For the purpose of identification the signature of the 
observer and the date should be affixed to each log sheet or 
record. 

In the simple matter of weighing coal by the barrow-load, 
or weighing water by the tank-fuU, which is required in many 
tests, a series of marks, or tallies, should never be trusted. The 
time each load is weighed or emptied should be recorded. The 
weighing of coal should not be delegated to unrehable assist- 
ants, and whenever practicable, one or more men should be 
assigned solely to this work. The same may be said with regard 
to the weighing of feed water. 
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DATA REPRESENTED GRAPHICALLY 

If it is desired to show the uniformity of the data at a glance 
the whole log of the trial should be plotted on a chart, using hori- 
zontal distances to represent times of observation, and vertical 
distances on suitable scales to represent various data as recorded. 

It is instructive to plot the leading data on such a chart while 
the test is in progre^. 

REPORT 

The report of a test should represent all the leading facts 
bearing on the design, dimensions, condition, and operation of 
the apparatus tested, and should include a description of any 
other apparatus and auxiliaries concerned, together with such 
sketches as may be needed for a clear understanding of all points 
under consideration. It should state clearly the object and 
character of the test, the methods followed, the conditions 
maintained, and the conclusions reached, closing with a tabular 
sinnmary of the principal data and results. 

RULES FOR SAMPLING AND DRYING COAL AND ASH AND 

SAMPLING STEAM 

(A) Sampling and Drying Coal 

Select a representative shovelful from each barrow-load as it 
is drawn from the coal pile or other source of supply, and store 
the samples in a cool place in a covered metal receptacle. When 
all the coal has thus been sampled, break up the lumps, thor- 
oughly mix the whole quantity, and finally reduce it by the 
process of repeated quartering and crushing to a sample weigh- 
ing about 5 pounds, the largest pieces being about the size of 
a pea. From this sample two i -quart siir- tight glass fruit jars 
or other air-tight vessels are to be promptly filled and pre- 
served for subsequent determinations of moisture, calorific 
value, and chemical composition. These operations should be 
conducted where the air is cool and free from drafts. 
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Tien the sample lot of coal has been reduced by quartering 
to say 100 pounds, a portion weighing say 15 to 20 pounds 
should be withdrawn for the purpose of immediate moisture 
determination. This is placed in a shallow iron pan and dried 
on the hot iron boiler flue for at least iz hours, being weighed 
before and after drying on scales reading to quarter ounces. 

The moisture thus determined is approximately reliable for an- 
thraqjte and semi-bituminous coals, but not for coals containing 
much inherent moisture. For such coals and for all absolutely 
reliable determinations the method to be pursued is as follows: 

I Take one of the samples contained in the glass jars, and subject it to a 
■ ihorougti air drying, by spreading it in a thin layer and exposing 
B it for several houra to the atmosphere of a warm room, weighing 
m it before and after, thereby detennining the quantity of surface 
I moisture it contains. Then crush the whole of it by running it 
I through an ordinary coffee mill or other suitable crusher adjusted 
B so as to produce somewhat coarse grains (less than I'li-indi), thor- 
H oughly mis the crushed sample, select from it a portion of from 
H 10 to 50 grams (from 0.5 ounce to 2 ounces), weigh it in a balance 
H which will easily show a variation as small as i part in 1000, and 
H dry it for one hour in an air or sand bath at a temperature between 
H 340° and 380° F. Weigh it and record the loss, then heat and 
H weigh again until the minimum weight has been reached. The 
W difference between the original and the minimum weight is the 
W moisture in the air-dried coal. The sum of the moisture thus 
B found and that of the surface moisture is the total moisture. 
(O Sampling SUam 

Construct a sampling pipe or nozzle made of j-inch iron pipe 
and insert it in the steam main at a point where the entrained 
moisture is likely to bs most thoroughly mixed. The inner end 
of the^ipe. which should extend nearly across to the opposite 
side of the main, should be closed and the interior portion per- 
forated with not less than twenty |-inch holes equally distributed 
from end to end and preferably drilled in irregular or spiral 
rows, with the first hole not less than half an inch from the wall 
of the pipe. 
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The sampling pipe should not be placed near a point where water may 
pocl'ct or where such water may affect the amount of mobture COD- 
tainrti in the sample. When non-return valves are used, or whcti' 
there are horizontal connections leading from the boiler to a vertical 

' outlet, water may collect at the lower end of the uptake pipe and 

be blown upward in a spray which will not be carried away by the 
steam owing to a lack of velocity. A sample taken from the lower 
part of this pipe will show a greater amount of moisture than a true 
sample. With goose-neck connections a small amount of water may 
collect on the bottom of the pipe near the upper end where the in- 

' clination is such that the tendency to flow backward is ordinarily 

counterbalanced by the flow of steam forward over its surface; but 
when the velocity momentarily decreases the water flows back to 
the lower end of the goose-neck and increases the moisture at that 
point, making it an undesirable location for sampling. In any case 
it should be borne in mind that with low velocities the tendency is 

' for drops of entrained water to settle to the bottom of the pipe, and 

I to be temporarily broken up into spray whenever an abrupt bend or 

I other disturbance is met. 

If it is necessary to attach the sampling nozzle at a point near 
the end of a long horizontal run. a drip pipe should be provided 
a short distance in front of the nozzle, preferably at a pocket 
formed by some fitting and the water running along the bottom 
of the main drawn off, weighed, and added to tlie moisture 
shown by the calorimeter; or, better, a steam separator should 
be installed at the point noted. 

(D) General Location of Sampling Pipe and Tliemumuter WeU 

In testing a stationary boiler the sampling pipe should be 
located as near as practicable to the boiler, and the same is 
true as regards the thermometer well when the steam is super- 
heated. In an engine or turbine test these locations sh&uld be 
as near as practicable to the throttle valve. In the test of a 
plant where it is desired to get complete information, especially 
where the steam main is unusually long, sampling nozzles or 
thermometer wells should be provided at both points, so as to , 
obtain data at other point as may be required. 
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^^^^ ti a locomotive ihe calorimeter should be attached either to 
the steam dome where it may be connected to the throttle open- 
mg, or to the steam passage in the saddle casting on one side. 

' RtTLES FOR COKDUCTIHG EVAPORATIVE TESTS OF BOILERS 

OBJECT AND PREPARATIONS 
Determine the object, take the dimensions, note the physical 

conditions, examine for leakages, install the testing appliances, 
etc., and make preparations for the test according to the in- 
structions contained in the Code. 
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FUEL 
determine the character of fuel (coal) to be used. For tests 
of maximum efficiency or capacity of the boiler to compare with 
other boilers, the coal should be of some kind which is com- 
mercially regarded as a standard for the locality where the test 
is made. 

In the Eiislern SUitcs the sUndards thus regarded for semi-bitumi- 

»nou3 coals are Pocahontas {Va. and W. Va.) and New River (W. Va.) ; 
for anthracite coals those of the No. t buckwheat size, fresh-mined, 
containing not over 13 per cent ash by analysis; and for bituminous 
coals, Youghiogheny and Pittsburg coals. In some sections cast 
of the Allegheny Mountains the semi -bituminous Clearfield (Pa.) 
and Cumberland (Md.) are also considered as standards. These 
coals when of good quaUty possess the essenUais of excellence, 
adaptability to various kinds of furnaces, grates, boilers, and 
methods of tiring required, besides being widely distributed and 
generally accessible in the Eastern market. 

There are no special gradys of coal mined in the Western States 
which arc widely and generally considered as standards for testing 
purposes; the best coal obtainable in any particular locahty being 
regarded as the standard of comparison. 

A coal selected for maximum efficiency and capacity tests 
shotild be the best of its class, and especially free from slagging 
and unusual clinker-forming impurities. 
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For guarantee and other tests with a specified coal containing 
not more than a certain amount of ash and moisture, the coal 
selected should not be higher in ash and in moisture than the 
stated amounts, because any increase is liable to reduce the 
eflSciency and capacity more than the equivalent proportion of 
such increase. 

The size of the coal, especially when it is of the anthracite 
class, should be determined by screening a suitable sample. 

APPARATUS AND INSTRUMENTS 
The apparatus and instruments required for boiler tests are: 

(a) Platform scales for weighing coal and ashes. 

(b) Graduated scales attached to the water glasses. 

(c) Tanks and platform scales for weighing water (or water meters 
calibrated in place). 

({/) Pressure gauges, thermometers, and draft gauges. 
(e) Calorimeters for determining the calorific v^ue of fuel and the 
quality of steam. 
(/) Furnace pyrometers. 
(g) Gas analyzing apparatus. 

OPERATING CONDITIONS 

Determine what the operating conditions and method of 
firing should be to conform to the object in view, and see that 
they prevail throughout the trial, as nearly as possible. 

Where uniformity in the rate of evaporation is required, arrangement 
can usually be made to dispose of the steam so that this result 
can be attained. In a single boiler it may be accomplished by dis- 
charging steam through a waste pipe and regulating the amount by 
means of a valve. In a battery of boilers, in which only one is 
tested, the draft may be regulated on the remaining boilers to meet 
the varying demands for steam, leaving the test boiler to work 
under a steady rate of evaporation. 

DUR.\TION 

The duration of tests to determine the efficiency of a hand- 
fired boiler should be lo hours of continuous running or such 
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time as may be required to bum a total of 250 pounds of coal 
per square foot of grate. 

In the case of a boiler using a mechanical stoker, the duration, 
where practicable, should be at least 24 hours. K the stoker is 
of a type that permits the quantity and condition of the fuel 
bed at beginning and end of the test to be accurately estimated, 
the duration may be reduced to io hours, or such time as may 
be reqiiired to bum the above noted total of 250 pounds per 
square foot. 

In commercial tests where the service requires continuous operation 
night and day, with frequent shifts of firemen, the duration of the 
test, whether the boilers are hand-fired or stoker-fired, should be 
at least 24 hours. Likewise in commercial tests, either of a single 
boiler or of a plant of several boilers which operate regularly a cer- 
tain number of hours and during the balance of the day the fires are 
banked, the duration should not be less than 24 hours. 

The duration of tests to determine the maximimi evaporative 
capacity of a boiler, without determining the efficiency, should not 
be less than three hours. 

STARTING AND STOPPING 

The conditions regarding the temperature of the furnace and 
boiler, the quantity and quality of the live coal and ash on the 
grates, the water level, and the steam pressure shoiild be as 
nearly as possible the same at the end as at the beginning of the 
test. 

To secure the desired equality of conditions with hand-fired 
boilers, the following method should be employed: 

The furnace being well heated by a preliminary run, burn the fire low 
and thoroughly clean it, leaving enough live coal spread evenly 
over the grate (from 2 inches to 4 inches ordinarily; from i inch 
to 2 inches for small anthracite coals) to serve as a foundation for 
the new ^e. Note quickly the thickness of the coal bed as nearly 
as it can be estimated or measured; also the water level, the steam 
pressure, and the time, and record the latter as the starting time. 
Fresh coal should then be fired from that weighed for the test, the 
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the latter as the stopping lime. Finally clean the ash plate and 
haul the ashes. 

In the case of chain grate stokere. the desired operating con- 
ditions should be maintained (or half an hour before starting a 
test and for a like period before its close, the height of the throat 
plate and the speed of the grate being the same during both o( these 
periods. 

RECORDS 

' Half-hourly readings of the instruments are usually sufficient. 
If there are sudden and wide fluctuations, the readings in such 
cases should be taken every fifteen minutes, and in some in- 
stances oftener. 

I The coal should be weighed and delivered to the fireman io portions 
sufficient for one hour's run, thereby ascertaining the degree of 
uniformity of firing. An ample supply of coal should be maintained 
at all times, but the quantity on the floor at the end of each hour 
should be as small as practicable, so thai the same may be readily 
estimated and deducted from the total weight. 
The records should be such as to ascertain also the consumption 
of feed water each hour, and thereby determine the degree of 



QUALITY OF STEAM 
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If the boiler does not produce superheated steam the per- 
centage of moisture in the steam should be determined by the 
use of a throttling or separating calorimeter. If the boiler has 
superheating surface, the temperature of the steam should be 
determined by the use of a thermometer inserted in a ther- 
mometer well. 



SAMPLING AND DRYING COAL 



^^IP^uring the progress of the test the coal should be regularly 
"1 sampled for the purpose of analysis and determination of 
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ASHES AND REFINE 
The ashes and refuse withdrawn from the furnace and ashpit 
during the progress of the test and at its close should be weighed 
so far as possible in a dry state. If wet the amount of moisture 
should be ascertaioed and allowed for, a sample being taken and 
dried for this purpose. This sample may serve also for analysb 
and the determination of unbumed carbon and fusing tem- 
perature, 

CALORIFIC TESTS .\ND ANALYSES OF COAL 
The quality of the fuel should be determined by caJorific tests 

and analysis of the coal sample. 

CALCULATION OF RESULTS 

The methods to be followed in expressing and calculating 
those results which are not self-evident are explained as follows: 

Effuienty. — The "efficiency of boiler, furnace and grate" is the relation 
between the heat absorbed per pound of coal fired and the calorific value 
of one pound of coal. 

The "efficiency of boiler and furnace" is the relation between the heat 
absorbed p>er pound of combustible burned and the calorific value of one 
pound of cumbustible. This expression of efficiency furnishes a means for 
comparing one boiler and furnace with another, when the losses of iM; 
burned coal due to grates, cleanings, etc., are eliminated. 

The "combustible burned" is detennined by subtracting from the 
weight of coal suppUed to the boiler the moisture in the coal, the weight of 
ash and unburned coal u-ithdrawn from the furnace and ashpit, and the 
weight of dust. soot, and refuse, if any, withdrawn from the lubes. Hues,'- 
and combustion chambers, including ash carried away in the gases, if any, 
detennined from the anal)-ses of coal and ash. The "combustible" used 
for determining the calorific value is the weight of coal less the moisture 
and ash found by anal>-sis. 

The "heat absorbed" per pound of coal or combustible is calculated 
by multiplying the equivalent evaporation from and at iii' per pound of 
coal or combustible by 970.4- 

Comction for Live SUam. if any. usrd for A iding Combuslion. — If live 
steam b admitted into the furnace or ashpit for producing blast, injecting 
fuel or aiding combustion, it is to be deducted from the total e:v^x>nUkn, 
ajid the net evaporation used in the various calculations. 
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DATA AND RESULTS OF EVAPORATIVE TEST 

Short Form, Code of 191 2 

Cx) Test of boaer located at 

to .determine conducted by 

C^) Kind of furnace \ 

C3) Grate surface sq. ft. 

C-4) Water-heating surface sq. ft 

Ci) Superheating surface sq. ft 

C6) Date 

C?) Duration hr. 

(8) Kind and size of coal 

Average Pressures, Temperatures, Etc. 

(9) Steam pressure by gauge lb. 

(10) Temperature of feed water entering boiler deg. 

(11) Temperature of escaping gases leaving boiler deg. 

(12) Force of draft between damper and boiler in. 

(13) Percentage of moisture in steam, or number of degrees of super- 

heating per cent or deg. 

Total Quantities 

(14) Weight of coal as fired lb. 

(15) Percentage of moisture in coal per cent. 

(16) Total weight of dry coal consumed lb. 

(17) Total ash and refuse lb. 

(18) Percentage of ash and refuse in dry coal per cent. 

(19) Total weight of water fed to the boiler lb. 

(20) Total water evaporated, corrected for moisture in steam lb. 

(21) Total equivalent evaporation from and at 212^ lb. 

Hourly Quantities and Rates 

(22) Dry coal consimied per hour lb. 

(23) Dry coal per square foot of grate surface per hour lb. 

(24) Water evaporated per hour corrected for quality of steam lb. 

(25) Equivalent evaporation per hour from and at 212^ lb. 

(26) Equivalent evaporation per hour from and at 212^ per square foot of 

water-heating surface lb. 

Capacity 

(27) Evaporation per hour from and at 212^ (same as Line 25) lb. 

(28) Boiler horse-power developed (Item 27 -^ 34 J) bl.h.p. 

(29) Rated capacity, in evaporation from and at 212® per hour lb. 

(30) Rated boiler horse-power bl.h.p. 

(31) Percentage of rated capacity developed per cent 



434 STEAM ENGINEERING 

Economy Results 

(32) Water fed per lb. of coal fired (Item 19 -r- Item 14) lb. 

(33) Water evaporated per lb. of dry coal (Item 20 4- Item 16) lb. 

(34) Equivalent evaporation from and at 212° jier lb. of dry coal (Item 21 -5- 

Item 16) lb. 

(35) Equivalent evaporation from and at 212® per lb. of combustible [Item 

21 -r- (Item 16 — Item 17)] lb. 

EmOENCY 

(36) Calorific value of i lb. of dry coal B.t.u. 

(37) Calorific value of i lb. of combustible B.t.u. 

(38) Efficiency of boiler, furnace and grate I 100 X y^ z/ I per cent. 

(39) Efficiency of boiler and furnace I 100 X jf^ — ■ I per cent. 

Cost of Evaporation 

(40) Cost of coal per ton of . . . .lb. delivered in boiler room dollars. 

(41) Cost of coal required for evaporating 1000 lb. of water from and 

at 212° dollars. 

RULES FOR CONDUCTING TESTS OF RECIPROCATING ENGINES 

OBJECT AND PREPARATIONS 

Determine the object, take the dimensions, note the 
physical conditions not only of the engine but of all parts of 
the plant that are concerned in the determinations, examine for 
leakages, install the testing appliances, and prepare for the test 
accordingly. 

APPARATUS AND INSTRUMENTS 

The apparatus and instruments required for a simple per- 
formance test of a steam engine, in which the steam consump- 
tion is determined by feed- water measurement, are: 

(a) Tanks and platform scales for weighing water (or water meters 
calibrated in place). 

(b) Graduated scales attached to the water glasses of the boilers. 

(c) Pressure gauges, vacuum gauges, and thermometers. 

(d) A steam calorimeter, 
(r) A barometer. 

(/) Steam-engine indicators. 

(g) A planimeter. 

(//) A tachometer or other speed -measuring apparatus. 

{i) A friction brake or dynamometer. 
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"he determination of the heat and steam consumption of 
an engine by feed-water test requires the measurement of the 
various supplies of water fed to the boiler, that of the water 
discharged by separators and drips not returned to the boiler, 
and that of water and steam which escapes by leakage of the 
boiler and piping; all of these last being deducted from the 
total feed water measured. 

Where a surface condenser is provided and the steam consumption is dc- 

ttermincd from the water discharged by the air piunp, no such meas- 
urement of drips and leakage is required, but assurance must be 
had that all the steam passing into the cylinders finds its way into 
the condenser. If the condenser leaks the defects causing it should 
be remedied, or suitable correction made for the leakage. 
ascertain the consumption of heat, the various feed tem- 
peratures are taken and heat calctdations made accordingly. 
If the conditions imposed by the particular method adopted for 
carrying on the test depart from the usual practice, as for ex- 
ample where a colder supply of feed water is used than the ordi- 
nary s-upply, a preliminary or subsequent run shotild be made to 
ascertain the temperatures which obtain under the usual working 
conditions, and the heat measurements, obtained tmder the test 
conditions appropriately corrected for such departures. 

The steam consumed by steam-driven auxiliaries which are 
required for the operation of the engine should be included in 
the total steam from which the heat consumption is calculated 
and the quantity of steam thus used should be determined and 
reported. 

OPER.\TING CONDITIONS 
Determine what the operating conditions should be to con- 
form to the object in view, and see that they prevail throughout 
the trial. 

DITL^TION 
^i test for heat or steam consumption, with substantially 
t load, should be continued for such time as may be nt 
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sary to obtain a number of successive hourly records, during 
which the results are reasonably uniform. For a test invoU'ing 
the measurement of feed water for this purpose, five hours is 
sufficient duration. Where a surface condenser is used and tlie 
measurement is that of the water discharged by the air pump, ' 
the duration may be somewhat shorter. In this case, suc- 
cessive half-hourly records may be compared and the time 
correspondingly reduced. 

When the load varies widely at different times of the day, the 
duration should be such as to cover the entire period of variation. 

The preliminary or subsequent trial for determining the 
working temperatures on a heat test, where the temperatures 
obtained under the test conditions depart from the usual tem- 
peratures, should be of such duration as may be required to 
secure working results. 



P 



STARTING AND STOPPING 

The engine and appurtenances having been set to work and 
thoroughly heated under the prescribed conditions of test, ex- 
cept in cases where the object is to obtain the performance 
under working conditions, note the water levels in the boilers 
and feed reservoir, take the time and consider this the starting 
time. Then begin the measurements and observations and 
carry them forward until the end of the period determined on. 
When this time arrives, the water levels and steam pressure 
should be brought as near as practicable to the same points as 
at the start. This being done, again note the time and con- 
sider it the stopping time of the test. If there are differences in 
the water levels, proper corrections are to be applied. 

Where a surface condenser is used, the collection of water dis- 
charged by the air pump begins at the starting time( and the 
water is thereafter measured or weighed until the end of the 
test; no observations of the boilers being required. 
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e should be taken in cases where the activity of combustion ii 
boiler furnaces aSects the height of water in the gauge glasses that 
he same conditions of fire and drafts are operating at the end as 
t the beginning. For this reason it is best to start and stop a test 
without interfering with the regularity of the operation of the teed 
pump, provided the latter can be regulated to run so as to supply 
the feed water at a uniform rale. In some cases where the 
supply of feed water is irregular, as, for example, where an injector 
is used of a larger capacity than is required, the supply of feed water 
II should be temporarily shut off. 

^^^H Suitable care should be observed in noting the average height of 

^^^H the water in the glasses, taking suflicient time to satisfactorily judge 
^^^H ol the full extent of the fluctuation of the water line, and thereby 
^^^1 its mean position. 

^^M RECORDS I 

^^■Tbe general data should be recorded as pointed out in the 
Code. Half-hourly readings of the instruments are sufficient, 
excepting where there are wide fluctuations. A set of indicator 
diagrams should be obtained at intervals of zo minutes, and at 
more frequent intervals if the nature of the test makes it neces- 
sary. Mark on each card the cylinder and the end at which it 
was taken, also the time of day. Record on one card of each 
set the readings of the pressure gauges concerned, taken at the 
same time. These records should subsequently be entered oq 
the general log, together with the areas, pressures, lengths, etc., 
measured from the diagrams when they are worked up. 
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DATA AND RESULTS OF HEAT AND FEED-WATER 

TESTS OF STEAM ENGINE 
Short Form, Code of 191a 
engine located a 



determine conducted by 

(i) Type and class of engine and auxiliaries '.. 

(3) Dimensions of main engine: ist Cyl. jd Cyl. 3d Cyl. 

(a) Diameter of cylinder In 

(i) Stroiic of piston ...ft 

<() IHameter of piston rod each end in > 

(rf) Average clearance per cent 



I 




(e) Cylinder r 

(/) Horse-power constant for ; 



(4) Dimensions and type of aiudliariea , . . , 

(5) Dote 

(6) Duration 

Average Presscbes a 
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lb. n 



^ 



3 Temperatures 



r throttle by gauge 

mosphere in in, of mercury, , 



a by gauge . 

n condenser in in, of mercury 

n jackets and rchcaters by gauge 

ure of main supply of feed water 

ure of additional supplies of feed water. , , . 
Total Quantities 

;r fed to boilers from main source of supply 

) Total water fed from additional supplies _ lb. 

) Total water fed to boilers from all sources i^ 

) Moisture in steam or superheating near throttle per cent ord«=* 

) Factor of correction for quality of steam , — - 

) Total dry steam consumed for all purposes t ^^ 

IIOUKLV QUANTmES 

(20) Water fed from main source of supply It^ 

(»i) Water fed from additional supplies IC^" 

(ai) Total water fed to boilers per hour It^" 

(13) Total dry steam consumed per hour H^- 

(24) Loss of steam and water per hour due to drips from main steam pipes 

and to leakage of plant , , . , Ib- 

(15) Net dry steam consumed per hour by engine and auxiliaries tb- 

(a6) Net dry steam consumed per hour: 

(a) By engine alone lb- 

(*} By auxiliaries lb. 



(27) Heat 
(4g) Heat 
<I9) Heat 
<3o) Heat 
^i) Total heal 



Heat Data 

per lb. of dry steam, based on temperature of Line t2. . . .B.tu. 

per lb, of dry steam, based on temperature of Line 13 B.t.o. 

Consumed per hour, main supply of feed B.Lu. 

consumed per hour, additional supplies of feed, .B,LU. 

consumed per hour tor all purposes B.l.u. 



(32) 1^55 of heat per hour due to leakage of plant, drips. ( 

(33) Net heat units consumed per hour: 

(u) By engine and auxiliaries 

(6) By engine alone 

(c) By auxiliaries , 
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Indicator Diagrams 

istCyl. adCyl. 3d CyL 

(34) Commercial cut-off in per cent of stroke 

(35) Initial pressure in lb. per sq. in. above atmos- 

phere 

C36) Back pressure at lowest point above or below 

atmosphere in lb. per sq. in 

C37) Mean effective pressure in lb. per sq. in 

v38) Steam accoimted for by indicator in lb. per 
IJI.P. per hour: 

(a) Near cut-off 

(6) Near release 

Speed 
V39) Revolutions per minute rev. 

(•^o) Piston ^>eed in ft. per min ft. 

Power 

C<4i) Indicated horse-power developed by main-engine cylinders: 

ist cylinder I.H.P- 

2d cylinder I.H.P. 

3d cylinder I.H.P. 

Whole engine LH.P, 

(42) Brake horse-power B.HJ*. 

EcoNoicY Results 

(43) Heat imits consumed by engine and auxiliaries per hour: 

(a) Per indicated horse-power B.t.u. 

(b) Per brake horse-power B.t.u. 

(44) Dry steam consumed per indicated horse-power per hour: 

(a) By engine and auxiliaries lb. 

(b) By main engine alone lb. 

(c) By auxiliaries lb. 

(45) Dry steam consumed per brake horse-power per hour: 

(a) By engine and auxiliaries lb. 

(b) By main engine alone lb. 

(c) By auxiliaries lb. 

(46) Percentage of steam used by main-engine cylinders accounted for by 

indicator diagrams: 

(a) Near cut-off , per cent. 

(b) Near release per cent. 



imy^^^ 



1 
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Absolute zero of temperature, 2. 

pressure, 14, 229. 
Action of the reciprocating steam engine, 147. 

slide valve, 102. 
Adiabatic expansion, 249. 

of steam, 252. 
Admission, 105. 

line, 227. 
Air necessary for combustion, 27. 
Alberger centrifugal pump, 209. 
Anderson's steam trap, 86. 
Angular advance of the eccentric, iii, 365. 
Angularity of the connecting-rod, 126. 
Arm of eccentric, 107. 
Atmo^heric line, 227. 
Austin oil separator, 189. 
Automatic cut-off, 120. 

Back-pressure valve, 90. 

Cochrane's, 91. 
line, 229. 
Barrd calorimeter, 274. 
Bituminous coal, 23. 
Blake admiralty surface condenser, 187. 
automatic jet condenser, 185. 
pump, 202. 
Blow-off valve, 79. 
Boiler, Babcock and WUcox, 47. 
efficiency, 271, 306. 

actual, 282. 
Heine, 58. 
horse-power, 33. 
locomotive, 43. 
Roberts, 67. 
Scotch, 40. 
Stirling, 54. 
the function of, 37. 
Boilers, classification of, 37. 

relative advantages of fire-tube and water-tube, 38. 
rules for conducting evaporative tests of, 427. 
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Boiling point, 14. 
Boyle's law, i. 
Brake horse-power, za 
British thermal unit, 7. 
Buckeye engine, 166. 

shaft governor, 153. 

Calorimeter, barrel, 274. 

Mahler's bomb, 28. 
sq>arating, 280. 
throttling, 276. 
Calorimetry, 7, 273. 
Camot cycle, efficiency of, 289. 
Carnot's perfect heat engine, 286. 
Center, putting the engine on, 114. 
Centrifugal feed pump, 211. 
pump, 208. 

Albeiger's, 209. 
Charles' Uw, i. 
Check valve, 74. 
Classification of engines, 180. 
Clearance, 241. 

line, 230. 
Coal, 22. 

anthracite, 23. 
bituminous, 23. 
heat value of, 24. 
pounds per I.H.P. per hoiu:, 306. 
semi-bituminous, 23. 
Coals, classification of, 23. 
Cochrane back-pressure valve, 91. 

heater, 193. 
Codes of Rules for tests, A.S.M.E., 418. 
Coke, 24. 

Column, water, 80. 

Combination of the laws of Boyle and Charles, 4. 
Combining diagrams of stage-expansion engines, 353. 
Combustion, 26. 

air necessary for, 27. 
Compound or stage-expansion engines, 260. 

pump, 207. 
Compounding, 299. 
Compression, 105. 

curve, 229. 
grease cup, 179. 
Condensation and production of vacuum, 300. 
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Condenser, Blake automatic jet, 185. 

heat rejected to, 302. 
Oondensers, jet and surface, 183. 
0>ndensing water, weight of required, 303. 
Connecting-rod, 173. 

angularity of, 126. 
Cooling ponds and towers, 185. 
Corliss engine, 159. 
Crank-connecting-rod action, 124. 
Crank disk, 174. 

overhimg, 173. 
pin, 174. 
shaft, 173. 
Crosshead, 172. 
Curtis turbine, 405. 

low- and mixed-pressure turbines, 410. 
turbo-generator sets, 412. 
Cut-ofiF, 104. 
Cylinder condensation and re^aporation, 292. 

methods of reducing, 294. 
ratios of stage-expansion engine, 265. 
size of, for a given power, 310. 

Defects of the reciprocating engine, 158. 

Design of high-speed non-condensing engine, 312, 344. 

stage-expansion engines, 328, 336, 345. 
DeLaval multi-stage turbines, 395. 
steam turbine, 385. 
two-stage impulse turbine, 392. 
Double-ported valves, iii. 
Draft, 70. 

advantages of mechanical, 72. 
forced, 71. 
induced, 71. 

the measurement of mechanical, 72. 
Duty of a pump, 215. 
Dynamometer, the, 415. 

Eccentric, 106, 171. 

angular advance of, in, 365. 

arm of, 107. 

radius of, 107. 

rod, 171. 

strap, 171. 

throw of, 107. 
Economizers, 70, 71, 197. 
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Effect of the finite oonnecting-rody 135. 
Efficiency, boiler, 371. 
engine, 286. 

losses affecting, 292. 
Eneigy, 6* 

the oonservaUon of, 8. 
Engine, Buckeye, 166. 
choice of, 181. 
efficiency, mechanical, 305. 

relative, 305. 
Fleming-Harrisburg, 169. 
four- valve, 164. 
high-speed, 167. 
low-speed, 167. 
power of the, 239. 
thermal efficiency of, 304. 
Engine and boiler effidendes, expressions for, 304. 

tests, objects of, 4x6. 
thermal effidency of, 306. 
Engines, dassification of, 180. 

compound or stage-expansion, 2<k>. 
cross compound, 262. 
direction of running, x8z. 
horisontal, 180. 
stagc-exi)ansion, 152. 
vertical, 180. 
Entropy. 378. 

Kva|H>nitkm, unit and factor of, 32. 
Kvajxirative jwwcr of fuel, 31. 
Exhaust dosure. point of, 229. 
head, o6. 
line, jjS» 
Ex{^an&ion, adial>atic, 249. 
curve. i^8, 
isothermal, ^49. 
jinnt» 100. 
of gases, .240, 
ratio of. 104. 243. 

KAviv»r of eva{v»rativMi, 3-*. 
Ke<\i pump. v"tMHritu^,iI. ^ii. 
Kce^i'\raier hcviters, loo. 

v^vXiievi t>7*e, xoi. 

Cvx-hrdne, 10^;. 

Of>er. :yi>e, :c:. 
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Finite connecting-rod, effect of, 135. 
Fleming-Harrisburg four-valve engine, 164. 

governor, 155. 

high-speed engine, 169. 
Flyball governor, 151. 
Foot pound, 9. 

ton, 10. 
Force, 9. 

Four-valve engine, 164. 
Fuel, evaporative power of, 31. 
Fuels, 22. 

Gases, expansion of, 249. 

kinetic theory of, i. 
Gate valve, 73. 

Gauge, recording pressure, 82. 
steam, 81, 82. 
vacuum, 85. 
Generation of steam, 15. 
Governing the steam engine, 151. 
Governor, the Buckeye shaft, 153. 

the Fleming-Harrisburg, 155. 
the flyball, 151. 
Grease cup, 178. 

compression, 179. 

Harmonic motion, simple, 123. 
Head, exhaust, 96. 
Heat, kinetic theory of, 5. 

latent, 13. 

mechanical equivalent of, 8. 

rejected to condenser, 302. 

sensible, 13. 

specific, 8. 

total of steam, 17. 

value of coal, 24. 
Heater, Cochrane, 193. 
Heaters, feed- water, 190. 
Heine boiler, 58. 
High-speed engine, 167. 
Horse-power, 10. 

brake, 10. 
boiler, 33. 
indicated, 10, 240. 
Hyperbola, rectangular, construction of, 254. 
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Inch ton, lo. 

Indicated horse-power, lo, 240. 

Indicator diagram, information from, 325. 

in preliminary design, 3x2. 
taking the, 227. 
Indicator springs, 221. 

steam engine, 217. 

Thompson's, 222. 
Inertia of reciprocating parts, 132. 
Injector, Seller's, 213. 
Injectors, 212. 
Isothermal expansion, 249. 
Isothermal, saturated, and adiabatic curves compared, 255. 

Jacketing, steam, 294. 
Jet condenser, 183. 
Joint, expansion, zoo. 
Joints, 97. 

Kinetic theory of gases, i. 

heat, 5. 
Knowles' pimip, 200. 

Lap, no. 
Lazy tongs, 220. 
Lead, 103, 106, no. 
Lever safety valve, 75. 
Lignite, 24. 
Link motion, 115. 

op>eration of, 149. 
Linking up, 119. 
Locomotive boiler, 43. 
Low-speed engine, 167. 
Lubrication, 176. 
Lubricator, sight-feed, 177. 

Mean effective pressure, 218. 

by method of ordinates, 232. 

by the planimetcr, 234. 

from diagram, 232. 
Mean pressure of a working gas, 250. 
Mechanical eflBciency of engine, 305. 

the system, 306. 
Metallic packing, 98. 
Moment, twisting, 130. 
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Oil fuel, 24. 

separators, 1S9. 
Operation of the link motion, 149. 
Overhung crank, 173. 
Overtravel, 369. 

Packing, 97. 

metallic, 98. 
Parsons' turbine, 399. 
Perfect heat engine of Camot, 286. 
Piston, 172. 

packing rings, 172. 
speed, 167, 311. 
valve, 121, 170. 
Planimeter, 234. 

M.E.P. by the, 234. 
op>eration of the, 235. 
Pop safety valve, 76. 
Power, 10. 

of the engine, 239. 
Preliminary report. Power Test Committee, 191 2, A.S.M.E. 418. 

extracts from, 418. 
Pressure, absolute, 14. 

mean effective, 218. 
regulator, Foster's, 88. 
Pimip, Blake, 202. 

centrifugal, 208. 
compound, 207. 
duty of, 215. 
Knowles', 200. 
Worthington duplex, 205. 
Pump)s, 198. 

Radial valve gears, 122. 
Radius of eccentric, 107. 
Rateau turbine, 414. 
Ratio of expansion, 104, 243. 
Reciprocating parts, inertia of, 132. 

steam engine, action of, 147. 

defects of, 158. 

rules for conducting tests of, 434 
Recording pressure gauge, 82. 
Rectangular hyperbola, construction of, 254. 
Reducing motion, 219, 224. 

valve, 88. 
Relative engine efficiency, 305. 
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Release, 105. 

point of, 228. 
Roberts boiler, 67. 

Rules for conducting evaporative tests of boilers, 427. 

tests of reciprocating engines, 434. 

Safety valve, 75. 

lever, 75. 
spring or pop, 76. 
Saturated steam expansion, 253. 
Scotch boiler, 40. 
Self-oiling system, 175. 
Sellers' injector, 213. 
Sensible heat, 13. 
Separating calorimeter, 280. 
Separators, oil, 189. 

steam, 92. 
Setting slide valves, 114. 
Shaft, crank, 173. 

governor, 121. 
Shifting eccentric and automatic cut-off, 120. 
Sight-feed lubricator, 177. 
Simple harmonic motion, 123. 
Slide valve, action of, 102. 
Specific heat, 8. 
Springs, indicator, 221. 
Stage-expansion engines, 152, 260. 

cylinder ratios of, 265. 
mechanical advantages of, 266. 
Steam, adiabatic expansion of, 252. 

consumption of, measured from'indicator diagram, 322. 
formula connecting pressure and temperature, 20. 

volume, 20. 
generation of, 15. 
isothermal expansion of, 253. 
pounds per I.H.P. per hour, 305, 319. 
superheated, 296. 

temperature-entropy diagram for, 379. 
Steam engine design, 310. 

imperfections of, 306. 
indicator, 217. 
Steam gauge, 81, 82. 
jacketing, 294. 
line, 228. 

separator, Austin, 92. 
direct, 94. 
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Steam separators, 92. 

trap, Anderson's, S6. 
turbine, 383. 

DeLaval, 385. 

multi-stage, 395. 
two-stage impulse, 392. 
Parsons*, 399. 

Westinghouse, for small powers, 403. 
Stirling boiler, 54. 
Stop valve, 73. 
Stroke, 188. 

forward, 367, 370. 
return, 367, 370. 
Stuffing-box, 98. 
Surface condenser, 183. 

Blake admiralty, 187. 

Temperature, 6. 

absolute zero of, 2. 
Thermal efficiency of engine, 304. 

and boiler, 306. 
imit, British, 7. 
Thermodynamics, 8. 

first law of, 8. 
second law of, 9. 
Thermometer, 6. 
Throw of eccentric, 107. 
Throttling calorimeter, 276. 
Total heat of combustion of fuels, 28. 

steam, 17. 
Trap, Anderson's steam, 86. 
Travel of valve, 107. 
Turbine, Curtis, 405. 

DeLaval, 385. 
impulse, 383. 
Parsons*, 399. 
Rateau, 414. 
reaction, 383. 
steam, 383. 
Turbines, 383. 

Curtis low- and mixed-pressure, 410. 
for small powers, Westinghouse, 403. 
Turbo-generator sets, Curtis, 412. 
Twisting moment, 130. 

Unit of evaporation, 32. 



4SO . INDEX 

Vacuum, condensation and production of, 30a 
Vacuum gauge, 85. 
line, 229. 
Valve, action of the slide, 102. 

back-pressure, 90. 

blow-off, 79. 

check, 74. 

design, 363. 

gate, 73. 

lap of, no. 

lead of, 106, no. 

piston, 121, 170. 

reducing, 88. 

safety, 75, 76. 

setting of slide, 114. 

stop, 73. 

travel of, 107. 
Valves, double-ported, 162. 
Valve gear, 171. 
Valve gears, radial, 122. 
Valve diagram, the Zeuner, 363. 

geometric features of, 370. 
information from, 373. 

Wainwright feed-water heater, 192. 

Water column, 80. 

Westinghouse turbines for small powers, 403. 

Wire-drawing, 230. 

Wood, 24. 

Work, 9. 

unit of, 9. 
Worthington duplex pump, 205. 

Zeuner valve diagram, 363. 
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CoitD— Identificatioa of ths Economic Woods of the United Statu., ftvD, ■ 
tCBL — Theory and FracIiM of Worldng Plana [Forest Onai 

latloo) ItnPrm 

iMir— Insect Peita of Parni. Garden, and Orchard Small 81 

ItUBCtt Injurious to Staple CtOB. lan 

pMWAU--Longleaf Pine in Virgin Forest ...Ian 

tOTAaoFi'--Field Book tor Street -wee Mapping. ISir 

" " " wdosen 

Shade Trees in Towns and Cities 8v 

&CKBK1DGB— Rocks and Soils. , . *li . 

UrnBTOt^ — Microscopy of Vegttable Foods. , ................. .Lartfe Svo. 




ARCHITECTURE. 



BTEINSOH — Oriontaiioi 
ra»BC — BuUdings and i 



BiRKMiRE — Architectural Iron and Steel 8vo 

Compound Riveted Girders as Applied in Buildings. 8vo 

Planning and Construction of High Office Buildings 8vo 

Skeleton Construction in Buildings 8vo 

Briggs — Modem American School Buildings. . . •. 8vo 

Byrne — Inspection of Materials and Workmanship Employed in Construe 

tion 16mo 

Carpenter — Heating and Ventilating of Buildings 8vo 

CoRTiiELL — Allowable Pressure on Deep Foundations 12mo 

Eckel — Building Stones and Clays 8vo 

Freitag — Architectural Engineering 8vo 

Fire Prevention and Fire Protection 16mo, mor 

Fireproofing of Steel Buildings 8vo 

Gerhard — Guide to Sanitary Inspections 12mo 

Modern Baths and Bath Houses 8vo 

Sanitation of Public Buildings 12mo 

Theatre Fires an4 Panics 12mo 

The Water Supply, Sewerage and Plumbing of Modem City Buildings 

8vo 

Greene — Elements of Heating and Ventilation 8vo 

Johnson — Statics by Algebraic and Graphic Methods 8vo 

Kellaway — How to Lay Out Suburban Home Grounds 8vo 

Kidder — Architects' and Builders' Pocket-book 16mo. mor. 

Merrill — Stones for Building and Decoration 8vo 

MoNCKTON — Stair-building 4to 

Patton — Practical Treatise on Foundations 8vo 

Peabody — Naval Architecture 8vo 

Rick — Concrete-block Manufacture Svo 

RiCHEY — Handbook for Superintendents of Construction IGmo, mor. 

Building Foreman's Pocket Book and Ready Reference.. . .IGmo, mor. 
Building Mechanics' Ready Reference Scries: * 

Carpenters' and Woodworkers' Edition 16mo, mor. 

Cement Workers* and Plasterers' Edition 16mo, mor. 

Plumbers', Steam-Fitters', and Tinners* Edition ICmo, mor. 

Stone- and Brick-masons' Edition 16mo. mor. 

RiES — Building Stones and Clay Products , 8vo 

Sarin — House Painting (Glazing. Paper Hanging and Whitewashing) . 12mo 

SiEHKKT and Biggin — Modern Stone-cutting and Masonry Svo 

Snow — Princip.il Species of Wood Svo 

Wait — Enj^inecrinK Jind Architectural Jurisprudence Svo 

Sheep 

Law of Contracts Svo 

Law of Oix-rations Preliqiinary to Construction in Engineering and 

Architecture Svo 

Sheep 

Wilson — Air Conditioning 12mo 

Worcestf-:r and Atkinson — Small Hospitals, Establishment and Mainte- 
nance. Suggestions for Hospital Architecture, with Plans for a Small 
Hospital 12mo, 
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ASSAYING. 



Betts — Lead Refining by Electrolysis Svo, 

FLiiiLiiKk — Practical Instructions in Quantitative Assaying with the Blow- 
pipe K'uno, mor., 

Fi.'KMAN and PARPOii — Manual r.f Practical Assayinij Svo, 

L<)Ik;k — Notes f>n Assaying ami Mi-talhirgical Laboratory Experiments . Svo, 

Low — Technical Mcth(Hls of Ore Analysis Svo. 

MiLi.KR- Cyanide Pn)c«.-ss 12nio, 

Manual of Assaying 12mo. 

MiNEi —Production of Aluminum and its Industrial Use. (Waldo).. 12mo, 
Price and Mkade — The Technical Analysis of Brass and the Non-Ferrous 

Alloys 12mo, 

Ricketts and Miller — Notes on Assaying Svo, 

RoBiNE and Lenglks — Cyanide Industry. (Le Clbrc.) 8vo, 

Seamon — Manual for Assayers and Chemists , Small Svo, 

o 
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Ulcb — Modem Electrolytic Copper Refining Svo, 13 00 

WiLSOM — Chlorination Process . 12mo, 1 50 

Cyanide Processes 12mo, 1 50 



ASTRONOMY. 

CoBfSTOCK — Field Astronomy for Engineers Svo, 2 60 

Craig — Azimuth 4to, 3 50 

Crasdall — Text-book on Geodesy and Least Squares Svo, 3 00 

DooLiTTLB — Treatise on Practical Astronomy Svo, 4 00 

Hayford — Text-book of Geodetic Astronomy Svo, 3 00 

HosMBR — Azimuth lOmo. mor.. 1 00 

Text-book on Practical Astronomy Svo, *2 00 

Merriman — Elements of Precise Survejring and Geodesy Svo, 2 50 

MiCHiB and Harlow — Practical Astronomy Svo, *3 00 

Rust — Ex-meridian Altitude, Azimuth and Star- Finding Tables Svo, 6 00 

White — Elements of Theoretical and Descriptive Astronomy 12mo, *2 00 



BIOLOGY. 

CoRNHEiM — Enzymes 12mo, *1 60 

Davenport — Statistical Methods with .Special Reference to Biological 

Variation IGmo, mor., 1 60 

Effront and Prescott — Enzymes and Their Appligations Svo, 3 00 

EuLBR and Pope — General Chemistry of the Enzymes Svo, *3 00 

Mast — Light and Behavior of Organisms Svo, ^2 50 

Prescott and Winslow — Elements of Water Bacteriology, with Special 

Reference to Sanitary Water Analysis l2mo, 1 50 

Ward and Whipple — Freshwater Biology {In Press.) 

Whipple — The Microscopy of Drinking Water Svo, 3 50 

Winslow — The Systematic Relationship of the Coccaces Small Svo, 2 50 



CHEMISTRY. 

Abderhalden — Physiological Chemistry in Thirty Lectures. (Hall and 

Defren) Svo. *5 00 

Abbgg — Theory of Electrolytic Dissociation, (von Ende.) 12mo, *1 25 

Alexeyeff — General Principles of Organic Syntheses. (Matthews.).. Svo, 3 00 
Allen — E.xerciscs in General Chemistry, Loose Leaf Laboratory Manual. 

Oblong 4to, paper, *1 00 

Tables for Iron Analysis Svo, 3 00 

Armsby — Principles of Animal Nutrition Svo, 4 00 

Arnold — Compendium of Chemistry. (Mandel.) Small Svo, 3 50 

Association of State and National Food and Dairy Departments, 

Hartford Meeting, 190G Svo, 3 00 

Jamestown Meeting, 1907 Svo, 3 00 

Austen — Notes for Chemical Students 12mo, 1 50 

Bernadou — Smokeless Powder. — Nitro-cellulosc, and Theory of the Cellu- 
lose Molecule 12mo, 2 50 

Biltz — Introduction to Inorganic Chemistry. (Hall and Phelan.).. 12mo, *1 25 

Laboratory Methods of Inorganic Chemistry. (Hall and Blanciiard.) 

Svo, 3 00 
Bingham and White — Laboratory Manual of Inorganic Chemistry. . . . 12mo, *1 00 

Blanchard — Synthetic Inorganic Chemistry 12mo, *1 00 

Bottler — German and American Varnish Making. (Sabin.).. . Small Svo, *3 50 
Browne — Handbook of Sugar Analysis Svo, *r> 00 

Sugar Tables for Laboratory Use Svo, *1 25 

Browning — Introduction to the Rarer Elements Svo, *1 .50 

Brunswig — Explosives. (Munroe and Kihler) Small Svo, *3 (X) 

Claassen — Beet-sugar Manufacture. (Hall and Rolfe.) Svo. *3 00 

Classen — Quantitative Analysis by Electrolysis. (Hall.) {In Press.) 

3 






nslygis by Phyiico-dumica] Methodi (lao[«aaic). 



Dannbei. — ^Elcctrqchemiulrv. (Mbbhiai*.) 

Dannektii— Melbodi of TeilUc ChefBlnry 

DuHBH— Thcrrnadyoainics uid Cliemiitrv. [BtiacEsa.) 

EissLBK— Modern High EipLoaivH 

EtttLsy—^LthoT^Uiry Manual of tuarfanic Chemiatry , . 

Flkichbb— Pcacticil Initniitioiw In Quantitalive Asuyinc ■ 



« Blow- 



FOWLEB— Sewage Works Analysca ..lamo 

PRBSEHIUS— Manual of Qualitative Chomiul Analyiii. (Wklls.). . . .Svo 

Manual nf Qualitative Chiuidcal Analytii. Part I. DMCrlpiUvc 
(Wells.) 8vo 

Quantitative Chemlinl Analyti*. ICohn,} I vala Svo 

When Sold SeparBtdy. Vol. I. tfl. VoL II. $a. 

PusBIES— Water and Public Health Wmo, 

Fullbh — Qualitalivc Aoalyili of MedlciD^ PrepiiTationi I2m<t. * 

PuDMAN and Pahdob— Manual of Practical A«ayiag. . 

Gktiun— Eurciies in Physical ChemiiUy I3nui, ' 

Gill— Cas and Fuel Aoalyaii for Eneineera lao 

GoocH — Method! ID Chemical Analyiii, 6\ 

and Bbowning— Outlinei of Qualiutive Chemical Analyaia. . SoiaU 81 

GKOrBMi-ILI— Prindplea of Modern Dairy Practice. (WoLL.) tin 

Gboth— iBtroduction to Chemical Crystallography. (MabiballO.. .I3iiia, 
HAHHAHSIEM-^Teil'baolc of Phytiological CbemlMry. (Mawdbl.) . . 

Hanaitsek— Microscopy of Technical Producti. (WiNTOtl,) 

Hash INS— Organic Chemiatry 12nw, • 

Hebbick— Denatured or InduMrial AlcoT ' 
HiNOs— Inorganic Chemiatry.. 

Laljoratory Manual for Sludenu Umo, • 

HoLLBHAH — Laboratory Mlnaal of Organic Chemiatry for Beginnen. 
(Walkbe.) I2mo. * 

Tett-book of tnor^anie Chemlitrv. (Coupib.) Svo. 

Teit-book of Oisanic Chemistry. (Walkek amc Mott.) 8vg 

(Eeblev) Laboratory Manual to Accompany Hallomui'i Text-book ot 

Inorganic Chemisiry lamo, * 

Holler— Analysli of Paint and Vandab Producti Small, Svo. ■ 

Lend and Zinc Pigment!. _ .. _ ^ 

Hopkins— Oil^headBls' Handbook _... 

jACBsoH — DireclioDi for Laboratory Work in PhyaCological ChemiiiTy. ,8»0i 
Johnson— Rapid Methods for the Chemical Analyila ot Special Steels, Sleel- 

making Allays and Graphite - Small Svo. 

LAm>AUEB — Spectrum Analysis. (TlHGLs.) .Svo. 

LaSSAB-Cuhn— Application of Some Genera! Jteaetions to iDvestiEaUona in 

Organic Chemistry. (Timcle.) I2oiO. 

Lkach— Food Inspection and Analysis ' 

Ldli— Electrochemlitty of Organic Compounds. (LouHt.) 

LoDCB — Notes on Aasaying and MetallurEical Labfwatory Eiperiraenis . 

Low— Technicdl Method of Ore Analysis 

Lowe — Paint for Steel Slructunia l^Imo. 

LUNGB— Techno-cbemical Analyala. (CotiS.) - .,,....,.... 

McKay and Labsen— Prindpla and Practice of Butl«-makiDg. . 

Mairb— Modern Pigmenta and their Vehicles 

M AND EL— Handbook for Bio-chemical Laboratory UmO. 

Maktis— Laboratory Guide to Qualitative Analysis with the BlotrplpclSmo. *i 
MAiON-Eiamination of Water. (Chemical and Bacteriolonical.).. , .lirao, 

Water-supply. (Considered Principally from a Sanitary Stacdpoint.) 

Mathbwson — First Prindplt 
Matthbws — Laboratory 

Textile Fibre: 
Mbveb— Determi 
Third Ei 
MlLLBB— Cyanide Pi 




KlfMi— Hisl 



^^^m Vol. 

^^^L Vol. 

^^™- Inti 



UnttBB— ElementsrvTert-bookof Chemiitrii ISmi 

MaiUi&l*— Elements o[ Phyiical Chcmiitrr 12mi 

Ph)^c>J Chfinlstry for Electrical BngiDeen 12ra> 

UMM — Biperiments in Orginic Cbemistiy IZmi 

Outlines of OrgMic Chemistry '. IHmi 

sns used in Cajie-iugv PHCtories Iflmo. moi 

Chemical Theoriet and Lam 8vi 

'al Method far the Identifi cation of Pure Organic Con 
Vol. I. Compounds of Carbon with Hydrogen an 

Vol. Ih " Nitrogenoui Compounds (/« Pripntlim 

III. The Commercial Dyeitiifb L-uBcSvo. S 00 

-Analyais of Drugs and Mcdicinw- ... ,-.--..--.,.-.-.- -,12mOi *Z OQ 

I — ConverSBlions on Cboraiilry. Part One. (Raxsbt.} '" * — 

Part Tun. {TusHBULt..). 

Introdnetlon to Chemistry. (Hall and Willuiu.) Small Svo. *1 C 

OwcH and SriMDAGB— Dyeing and Cleaning of Tmtile Pabtici ISrao, S 

P*[.«B«— Practical Test Book of Chemistry ....IZmo. *! • 

PauLt — Physical Chemistry in.the Service of Medicine. (FiscuEit.)..12eio, *I B 
PiCTiT— Alkaloids and tbdr Chemical Constitution. (BlODLB.). 
PMWOrr and Wihslow— Elements of Water Bkcterinlogy. with Special 

KeTeniice to Sanitary Water Analysis ISmo, 

Rbhig — GuldB to Piere-Dyciag 8vo, *a6 00 

Richards and WoODiUN—Air. Water, and Food from a SaniUry Stand- 

point Svo, 3 00 

.__... a OH . 

Disinfection and the Pre«rvatiOD of Pood Svo, ■' — 

Rices — Elementary Manual for the Chemical Laboratory Svo. 

Robins and Lknglkn — Cyanide Industry. (Lb CirBc.) 8vo. ■ 

RuDOIHAH — IncompatibiUUea in Prei 

Whys in Pbarma^' 
Run— Elements of MelalloEraphy. (Mai 

SaaiN — Indusiiial and Aitistii: Tedhm^DCy of Paint and Varai .. . . _. _ _. 

SalKOWSK I— Physiological and PalhologicU Chemiilry. (OmdorS.). . .Hva, 1 ■ 

ScBlMPi'— EHenttttla of Volumetric Analysis Small St *" ' 

Manual of Volumetric Analysis 8( _. _ _ 

:kl Analysis .__. Svo, *1 1 

SuiIH — Lecti 

Bmjtckh— Hi 

Handbook for Chi 

Stonk— Practical Testing 
TtLLMAN— Dcaeriplive Ge 

Thbadsvkh.— QualiUlivo 
(Juantltatlve Analyii! 
TVSHEAUU and Russitt, — 1 
Van DaVKHTKa— pi 
— Mcthodi 
Wam) and Wkipplb 
-Ware— Best-suBar 



1 50 1 
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s m ' 

3 00 
1 GO 

a 00 d 
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CIVIL ENQINEERINQ. 



BaEEN— Engineen' Siuviyins Instninunli 

Blxar— Gnphickl CamputiiiB T»ble .P«pM I9| XMt ioehe«, 36 

Bono Bud Hosueit— Frindptei and Practice of SorveyiDg. 

Vol.1. ElimentiTu Sat«yiog S<ra. 3 00 

Vol, II. Higher Surveying Syo. S BO 

Bliut — Ancient and Modern Bngineering and tbc Iithmian Cana], .. . .8vo, *» SO 

COKSTOCK—Pield Aslronomy for Bnginecn, Bvo, t AO 

CoiniELL— Allowable Preuuce on Deep Poondation* .Ilora.*! 25 

Ck*niia1.[. — Teit-btwk on Ceodny and Leoat Squaiea. 8vo, 3 DO 

Davis— Blentioa and Stadia Tablei . . _ Svo, 1 00 

BLUOTi—BagineeriDg (or L&nd Drainage l2nlo, 3 DO 

FliHKGKR—TreallM on Civil Bngineeniig , , avo, *6 00 

Plbhkr — Phololopognphic Melhodi anil Imtrumenti Bvo. 6 00 

Ffli-WKLi. — Sewerage. iDesiMning and MaiolEoaocB.) -8vo, 3 00 

PMEtTAC — Architectural Engineering .ST4. 3 SO 

HtucH and Rice— Tables of QiunUtiMtor Prdiminary EstimalB.. , 13ma, *1 36 

Havfoui — Teit-boolt of Geodetic Aatronany Svo, 3 00 

HiBiHC— Ready Reference Tables (Canvenioii Paclon.) ISmo. mar- 3 50 

HoSMEK— Arimuth lltaiii. mcir.. 1 00 

Teil-boak an Praetie»l Aitronomy Bro. *S OO 

Howe— RetuninH Walls for Earth . 12iiid. 1 25 

IvE9— Adjtutuients □( the Bnelueet'i Tran^t and Levd illlinii, hdt.. *a SB 

JVKS and Hilts — Problemi in Suive^ng. Railroad Surveyliic and C«d- 

My ISmo. mor., 1 SO 

Ja&NsON (J. B.) and Smith— Theory and Practice of Surveying. Sm^l Svo. *3 BO 

Johnson (L. J,)— Statici by Algebraic imd Graphic Method*. Svo. I (10 

EiNNicuTT. WiNSLOw and PHAn^-Sewage Diipoaal Svo. •B 00 

Maran — Daicriptive GeometTT- Bvo., •! SO 

Meebiuah — Bletnenu □( Predu aurvsying and GeodsHr Bvo.' S fiO 

McRtiUAH and BiooKS — Handbook ten Surveyors.. IBma, mdr.i 1 00 

NOGENt— Plane Surveying -Bvo, 3 fiO 

OcDEH — Sower CoMtruclian ,8vo. 3 00 

Sener Deiign . . ISino, 3 00 

OcDiN and Clevelan[>— Practical Method* c( Sewage Di*|>o»l Cor Rui- 

dencM. Hotels, and Imtitulioni Bvo, *l SO 

Paiuohs— Diapoial of Municipal Refuie .Svo. 9 00 

Paitoh — Trestiee on Civil EcgineeTing Sva. half leather. T 90 

Rbed — Topographical Draning and Sketching , . , , .4to. ft 00 

Rima— Shaft-linking under Dinicult Canditioni. (Cornihc and PnL«.) 

Svo, 3 00 

SliBERI and BtaoiN— Modern Stone-cutting and Miuonry.. Svo, I SU 

Smith— Manual of Topographical Drawing. (McMillan.) 8v0. S H 

SoFEK-Air and Ventilation ot Subways ]3mo. 3 SO 

Tbacy- BiCTciBM in Surveying .I3ias, mor.. *1 00 

Plane Surveying lOou, Bof .. » 00 

VenabI-E — Garbage Crematories in Amsrica ,8to. I 00 

"■ ■ ■ ----- -- ■- ^ a,o, ju, 

...Bvo, a 00 

Sherp, 30 

Law of ConiroeW Svo. 3 00 

Law of Operations Preliioinary !□ Canstructian in Bnginaering and 

Archilcclure Svo, H 00 

Sheep, E 50 

WAEEEN—Slereotomy— Problems in Stone-cuniog Svo. 3 tO 

WATKaHUEV—Vul-Pockel Hand-book of MaChematici lor Bogineen. 

21 XB| inches, mor.. •! 00 

Enlarged Edition. Including Tables ..Bior,. *l BO 

Wesb — Problemi in the Use and Adjui^lment of Engineering Initrunienli. 

IHmo. mor.. 1 36 

Wilson— Topographic. Trigonometric and Geodetic Surveying Svo, 3 50 



BKIDCES AND ROOFS, 
il DM»iUo(HlpiiB>1 VallMB»fl*rj-..OhlDng lorge 8vo •»! 7* J 



BOLLIK— Pnctical Tni 

TliiiTiM Riv« Bridge 

■ mai Palk— Design uid Connructlm ol Metallic 1 

InguEDH Lias for Bridge end Roof Compuutions , 

Bois— Mechanicj □( EovncBring. Vol. II 

Wooden Treicle Bridgea 



FosTKB — TrealiBi 
PowLEM — Ordlni . 
Q«rt»«— Arches in Wood, Iron, and Stof 
Bridie Truue* 



ttoolTi 
Ckimh — Secondary Stm» 
mtlKH— Stteme* in Stnidturet ana ine . 
How* — DoigD of SiDiple Raol.tmssa in 

Symmetric^ Moaoary Archu. . - ,, - 

Treatise on Arches 

Hudson — Dcfleclioni and Statically Indt 

Plate Girder Design 

JOHHsoN, Br VAN and Tukneaube — Thee 

Modem Framed Stnicturei. N 

■ Part I. Streuet to Simple Slructuri 

^ Part IL SUIicolly Indetenainate S 



iridge Trussea 

ind the Aci:oaipaayliig DdotmaUoiii 
nisses in Wood and Steel 






s and Secondary Stresses 
d Bridges: 



PnRlHAN and Ja CO BV— Toil-book on Ri 

Part li. Graphic Statics '.*. , 8vo, 

Pan in. Bridge Design Sv 

Part IV. Higher Stnieturea Bvi 

RICIEK — Dr«eo and Cnnslruetiin of Roofs. . .Byi 

ICKKK — ^Graphic Statics, with Applications to Trusses. Beams, an 

Archca 8v 

-De Ponllbui, Pocket-book for Bridge EnBinears lemo. Blur 

" " - !l Bridges lami 




^^^^H MOLITOB — Hydraulics of Rivera. Weirs and 

^^B "'PP^y- S««"> BditioK. R«vi«d a 

^^^^H TvBNEAUKE and RusssLL— Public Water-«n 
^^^^H Wlc)lAi>rM — DuiRn and Con«ructloa of Da 
^^H Water Supply of tbe City of New York 
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^^M MATERIALS OP ENClNEBfttNG. 








^^^H BlACK— United State* Public Works 

^^H Tent-book on Higbway Eogimwring. . . 
^^H BotTLEE— German and American Vamiih M 
^^^^H Bua>— SUsticity and Renstunce ol the Mb 


™n™sW™ 
ai Present 


Oblane 4fi 

mont>.(/» Prrpara. 
d at (he Second 


(/fiPr.». 

aking. {BABm.).-.SniaUBvo 


^^^H Inspection of tbe UateriBlssnd Workmu 


16mo 


^^B Mechaoicsr 61 Holids (Being Paiu 1. U 


III of Mechanics ol Engineer 


^^H Vol. II. The Stieues in PranMd Structures, Strength of M>teri[<J« an 




















^^H Vol. I. Theory of Static and Kinetlu 




(iHPtKI 






^^^H HoLLBV— Analylit of Paint and Varnish Pro 


^•^ 


Small avo 


^^H HUBBARD—Dun Prey<n»lv» and Road Bin 
^^H JDHHSOH (J. B.J— Hateriula oC Construction 
^^H K«I^Ca.tIr»n 






Large 8vD 

- 8vo 

iala and of Paw« of Tranimii 














MaiRK— Modem Pigments aad their VehicI 










M.iimLL— Stonea (or Building and Decor.t 
















^^L McrCALP—Sleel. A Manual for Steel-users 




12in 

8Tt 


^^^H Patton— Practical 'rreollse on KoundaUoiu 










RlCHEV — Building ForeiDaa's Pocket Book a 
Cement Worker*" and Plaateren" Hditi 






n-lRciidyRe 
on (Building 


Mechanics' R^d 


^^^ Stone and Brick Masons' Bdilion IBuild 
^^^V Series] 

1 






ng Mechani 


m 



Rns—Btxilding Stones and Clay Products 8vo.*|3 00 

Clays: Their Occurrence. Properties, and Uses 8vo, *5 00 

and Lbighton — History of the Clay-worldng Industry of the United 

States 8vo, *2 50 

Sabin — Industrial and Artistic Technology of Paint and Varnish Svo, 3 00 

Smith — Strength of Material 12mo, *1 25 

Snow — Principal Species of Wood Svo, 3 50 

Spalding — Hydraulic Cement 12mo, 2 00 

Text-book on Road and Pavements 12mo, *2 00 

Taylor and Thompson — Concrete Costs Small Svo, *5 00 

Extracts on Reinforced Concrete Design Svo. *2 00 

Treatise on Concrete, Plain and Reinforced Svo, 5 00 

Thurston — Materials of Engineering. In Three Parts Svo. 8 00 

Part I. Non-metallic Materials of Engineering and Metallurgy . . . Svo, 2 00 

Part II. Iron and Steel Svo. 3 60 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Svo, 2 50 

TiLLSON-— Street Pavements and Paving Materials Svo, ^4 00 

TuRNBAURB and Maurbr — Principles of Reinforced Concrete Construction. 

Svo. 3 50 

Watbrbury — Cement Laboratory Manual 12mo. 1 00 

Laboratory Manual for Testing Materials of Construction 12mo. *1 50 

Wood (Db V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber Svo. 2 OO' 

(M. P.) — Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel Svo, 4 00 

RAILWAY ENGINEERING. 

Bbro — Buildings and Structures of American Railroads 4to. 5 00 

Brooks — Handbook of Street Railroad Location 16mo. mor., 1 50 

Burt — Railway Station Service 12mo. *2 00 

Butts — Civil Engineer's Field-book 16mo, mor., 2 50 

Crandall — Railway and Other Earthwork Tables 8vo, 1 50 

and Barnes — Railroad Surveying 16mo, mor., 2 00 

Crockbtt — Methods for Earthwork Computations Svo, *1 50 

Drbdgb — History of the Pennsylvania Railroad. (1879) Paper, 5 00 

Fish — Earthwork Haul and Overhaul {In Press.) 

PiSHBR — Table of Cubic Yards Cardboard. 25 

GiLBBRT, Wightman and Saunders — Subways and Tunnels of New York. 

Svo. ^4 00 

Godwin — Railroad Engineers' Field-book and Explorers' Guide. .16mo, mor., 2 50 
Hudson — Tables for Calculating the Cubic Contents of Excavations and 

Embankments Svo, 1 00 

IvBS and Hilts — Problems in Surveying. Railroad Surveying and Geodesy. 

lOmo, mor., 1 50 

MoLiTOR and Beard — Manual for Resident Engineers lOmo, 1 GO 

Nagle — Field Manual for Railroad Engineers IGmo, mor., 3 00 

Orrock — Railroad Structures and Estimates Svo. *3 00 

Philbrick — Field Manual for Engineers. ^ ^ 16mo. mor., 3 00 

Raymond — Elements of Railroad Engineering Svo, 3 51) 

Railroad Engineer's Field Book (In Preparation.) 

Railroad Field Geometry Ifimo, mor., 2 00 

Roberts — Track Formulas and Tables 16mo. mor., 3 00 

Searles — Field Engineering lOmo, mor., 3 00 

Railroad Spiral lOmo, mor., 1 50 

Taylor — Prismoidal Formulae and Earthwork Svo. 1 50 

Webb — Economics of Railroad Construction Small Svo, 2 50 

Railroad Construction Ifimo, mor., 5 00 

Wbllington — Economic Theory of the Location of Railways.. . .Small Svo, 5 00 

WlLSON'^Elements ot Railroad- Track and Construction 12mo, 2 00 
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ELECTRICITY AND PHYSICS. 



Abcgc — Theory of Electrolytic Diu 



le Theory of K)ec%rical Meiuiirc> 



6 Brackett— Text-book of Phyiics. 



at High Tempcram™.. Thin! 



Classek — Ouan ti t 



Collins — Manual of Wireless Telegraphy and Telephony 12mo.*|l 50 

Crkhorb and Squier — Polarizing Photo-chronograph 8vo. 3 00 

Dannbbl — Electrochemistry. (Mbrriam.) 12rao, *1 26 

Dawson — '* Engineering " and Electric Traction Pocket-book. . 16mo. mor.. 5 00 
Dolbzalbk — Theory of the Lead Accumulator (Storage Battery), (von 

Endb.) 12mo, 2 50 

DuHBM — Thermodynamics and Chemistry. (Burgess.) 8vo, 4 00 

Plathbr — Dynamometers, and the Measurement of Power ]2mo, 3 00 

GmcAN — Introduction to Physical Science 12mo. *1 60 

Gilbert — De Magnete. (Mottelay.) 8vo, 2 50 

Hanchett — Alternating Currents 12mo. *1 (K) 

Hbring — Ready Reference Tables (Conversion Factors) 16mo. mor., 2 50 

Hobart and Ellis — High-speed Dynamo Electric Machinery 8vo, *6 (X) 

Holman — Precision of Measurements 8vo, 2 00 

Telescope- Mirror-scale Method, Adjustments, and Tests. . . .Large 8vo, 75 
Hutchinson — High-Efficiency Electrical lUuminants and Illumination. 

Small 8vo. *2 .50 

JoNBS — Electric Ignition for Combustion Motors 8vo, *4 (K) 

Karapbtoff — Experimental Electrical Engineering: 

Vol. 1 8vo, ♦S 50 

VoL II 8vo. *2 50 

KiNZBRUNNER — Testing of Continuous-current Machines 8vo, 2 00 

Koch — Mathematics of Applied Electricity Small 8vo, *3 00 

Landauer — Spectrum Analysis. (Tingle.) 8vo, 3 00 

Lauffer — Electrical Injuries 16mo. *0 50 

Lob — Electrochemistry of Organic O)mpounds. (Lorenz.) 8vo, 3 00 

Lyndon — Development and Electrical Distribution of Water Power.. . .8vo, *3 00 
Lyons — Treatise on Electromagnetic Phenomena. Vols. I and II. 8vo. each, *0 00 

Martin — Measurement of Induction Shocks rime, *1 25 

MiciflE — Elements of Wave Motion Relating to Sound and Light 8vo, *4 00 

Morgan — Physical Chemistry for Electrical Engineers.' 12mo. *1 50 

NoRRis — Introduction to the Study of Electrical Engineering 8vo, *2 50 

PARSHALLand Hobart — Electric Machine Design 4to, half mor., *12 50 

Rragan — Locomotives: Simple, Compound, and Electric .Small 8vo, 3 50 

RoDBNHAUSER and Schoenawa — Electric Furnaces in the Iron and Steel 

Industry (Vom Baur.) (In Prc%s.) 

Rosenberg — Electrical Engineering. (Haldanh Gee — Kinzbrunner.).8vo, ^2 00 
Ryan — Design of Electrical Machinery: 

Vol. I. Direct Current Dynamos 8vo, *1 50 

Vol. II. Alternating Current Transformers 8vo, *1 50 

Vol. III. Alternators, Synchronous Motors, and Rotary Converters. 

8vo, *! 50 
Scrapper — Laboratory Guide for Students in Physical Chemistry. . . . 12mo, 1 00 

Tillman — Elementary Lessons in Heat 8vo. *1 50 

TiMBiE — Answers to Problems in Elements of Electricity 12mo. Paper, *0 25 

Elements of Electricity Small 8vo. *2 00 

Essentials of Electricity 12mo. *1 25 

Tory and Pitcher — Manual of Laboratory Physics Small 8vo, 2 00 

Ulkb — Modern Electrolytic Copper Refining 8vo, 3 00 

Waters — Commercial Dynamo Design 8vo, *2 00 



LAW. 

Brbnnan — Hand-book of Useful Legal laformation for Business Men. 

16mo. mor., *5 00 

Davis — Elements of Law 8vo, *2 50 

Treatise on the Military Law of United States 8vo, *7 00 

Dudley — Military Law and the Procedure of Courts-martial. . .Small 8vo, *2 50 

Manual for Courts Martial 16mo, mor., 1 50 

Wait — Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Contracts 8vo, 3 00 

Law of Operations Preliminary to Construction in Engineering and 

Architecture 8vo, 6 00 

Sheep, 6 60 
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MATHEMATICS. 

Baker — Elliptic Functions 8to. $1 50 

Briggs — Elements of Plane Analytic Geometry. (B6ciier.) 12mo, 1 00 

Buchanan — Plane and Spherical Trigonometry 8vo, *! 00 

Bybrly — Harmonic Functions 8vo. 1 00 

Chandler — Elements of the Infinitesimal Calculus 12mo. 2 00 

Coffin — Vector Analysis 12mo. *2 50 

CoMPTON — Manual of Logarithmic Computations 12mo, 1 50 

Dickson — College Algebra Small 8vo. *! 50 

Introduction to the Theory of Algebraic Equations Small 8vo, *1 25 

Emch — Introduction to Projective Geometry and its Application 8vo, 2 50 

FiSKE — Functions of a Complex Variable 8vo, 1 00 

Halsted — Elementary Synthetic Geometry 8vo. 1 50 

Elements of Geometry 8vo, 1 75 

Rational Geometry . . ^ 12mo. *! 50 

Synthetic Projective Geometry 8vo. 1 00 

Hancock — Lectures on the Theory of Elliptic Functions 8vo, *5 00 

Hyde — Grassmann's Space Analysis 8vo, 1 00 

Johnson (J. B.) Three-place Logarithmic Tables: Vest-pocket si«c. paper, ♦© 15 

100 copies. ♦S 00 
Mounted on heavy cardboard, 8 XIO inches. *0 25 

10 copies. *2 00 
(W. W.) Abridged Editions of Differential and Integral Calculus. 

Small 8vo. 1 vol.. 2 50 

Curve Tracing in Cartesian Co-ordinates 12mo, 1 00 

Differential Equations . . . " 8vo. 1 00 

Elementary Treatise on Differential Calculus Small 8vo, 1 50 

Elementary Treatise on the Integral Calculus Small 8vo, 1 50 

Theoretical Mechanics l2mo, *3 00 

Theory of Errors and the Method of Least Squares 12mo, 1 50 

Treatise on Differential Calculus Small 8vo. 3 00 

Treatise on the Integral Calculus Small 8vo. 3 00 

Treatise on Ordinary and Partial Differential Equations .... Small 8vo. 3 60 
Karapetoff — Engineering Applications of Higher Mathematics: 

Part I. Problems on Machine Design Small 8vo, *0 75 

Koch — Mathematics of Applied Electricity Small 8vo. *3 00 

Laplace — Philosophical Essay on Probabilities. (TRL'scoxr and Emory.) 

12mo. 2 00 
Le Messi'RIER — Key to Professor W. W. Johnson's Differential Equations. 

Small Svo. *! 75 

Ludlow — Logarithmic and Trigonometric Tables Svo. *! 00 

and B.\ss -Elements of Trigonometry and Logarithmic and Other 

Tables 8vo. ♦S 00 

TriKonometry and Tables published separately Each, *2 00 

Macfarlane — Vector Analysis and Quaternions 8vo, 1 00 

McMahon — Hyperbolic Functions 8vo. 1 00 

Manninc. -Irrational Numbers and their Representation by Scfiuences and 

Series 1 2mo, 1 25 

Marsh — Industrial Mathematics Small 8vo, *2 00 

Mathematical Monoc.kaphs. Edited by Mansfield Merriman and 

Robert S. Woodward Octavo, each, 1 00 

No. 1. History of Modern Mathematics, by David F.r(;p:NK Smith. 

No. 2. Synthetic Projective Geometry, by George Brvce Halsted. 

No. 3. Determinants, by Laknas (tifford Weld. 

No. 4. Hyperbolic Functions, by James McMaho.s. 

No. 5. Harmonic Functions, by William E. Bverlv. 

No. 0. Grassmaim's Space Analysis, by Edward W. Hyde. 

No. 7. Probability and Theory of Errors, by Robert S. Woodward. 

No. 8. Vector Analysis and Quaternions, by Alexander Macfarlane. 

No. 0. DifTcrcntial Equati(ms. by Willi VM Woolsey Johnson. 

No. 10. The Solution of Eciuations. by Mansfield Merriman. 

No. 11. Functions of a Comnlex Variable, by Thomas S. Fiske. 

Mai'rek — Technical Mechanics 8vo, 4 00 

Merriman -Method of Least Stjuares 8vo, 2 00 

Solution of Eijua'ions Svo, 1 00 

MoKiT/^ -Elements of Plane Trii=:onometry Svo, ^2 00 

High School Edition Small Svo, *! (K) 
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Rici and Johnson — Differential and Integral Calculus. 2 vols, in one. 

Small 8vo, $l"60 

Elementary Treatise on the Differential Calculus Small 8vo, 3 00 

Sbiith — History of Modern Mathematics 8vo, 1 00 

Veblen and Lbnnes — Introduction to the Real Infincstimal Analysis of One 

Variable Svo, *2 00 

"Watbebury — Vest Pocket Hand-book of Mathematics for Engineers. 

21 Xo| inches, mor., *1 00 

Enlarged Edition. Including Tables mor., *1 50 

Weld — Determinants Svo, 1 00 

'Wood — Elements of Co-ordinate Geometry Svo, 2 00 

'Woodward — Probability and Theory of Errors Svo, 1 00 



MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING. STEAM-ENGINES AND BOILERS. 

Bacon — Forge Practice 12mo. 1 50 

Baldwin — Steam Heating for Buildings 12rao, 2 50 

Barr and Wood — Kinematics of Mifchinery Svo, 2 50 

Bartlett — Mechanical Drawing. Third Edition Svo, 3 00 

Abridgment of the Second Edition.. . .8vo, *1 50 

Burr — Ancient and Modem Engineering and the Isthmian Canal Svo, *3 50 

Carpenter — Heating and Ventilating Buildings Svo. 4 00 

and Diederichs — Experimental Engineering Svo, *6 00 

Clerk — The Gas, Petrol and Oil Engine Svo, *4 00 

Compton — First Lessons in Metal Working r2mo, 1 50 

and De Groodt — Speed Lathe 12mo, 1 50 

Coolidge — Manual of Drawing Svo, paper, 1 00 

and Freeman — Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to, 2 50 

Cromwell — Treatise on Belts and Pulleys 1 2mo, 1 50 

Treatise on Toothed Gearing 1 2mo, 1 50 

Dingey — Machinery Pattern Making 12mo, 2 00 

DuRLBY — Kinematics of Machines Svo, 4 00 

Flanders — Gear-cutting Machinery Small Svo, 3 00 

Flathbr — Dynamometers and the Measurement of Power 12mo, 3 00 

Rope Driving 12mo, 2 00 

Fuller and Johnston — Applied Mechanics: 

Vol. I. Theory of Statics and Kinetics {In Pres^.) 

Vol. II. Strength of Materials (In Prfparation.) 

Gill — Gas and Fuel Analysis for Engineers 12mo, 1 25 

Goss — Locomotive Sparks Svo, 2 00 

Greene — Elements of Heating and Ventilation Svo, *2 50 

Pumping Machinery Svo, *4 00 

Hbring — Ready Reference Tables (Conversion Factors) 16mo, mor., 2 50 

HoBART and Ellis — High Speed Dynamo Electric Machinery Svo, *0 00 

HuTTON — Gas Engine Svo, 5 00 

Jamison — Advanced Mechanical Drawing Svo, 2 00 

Elements of Mechanical Drawing Svo, 2 50 

Jones — Gas Engine Svo, 4 00 

Machine Design: 

Part I. Kinematics of Machinery Svo. 1 50 

Part II. Form, Strength, and Proportions of Parts Svo. 3 00 

Kaup — Machine Shop Practice Small Svo. *1 25 

Kent — Mechanical Engineers' Pockct-Book IGmo. mor.. *.■) 00 

Kerr — Power and Power Transmission Svo. 2 00 

Kimball and Barr — Machine Design Svo. *3 00 

King — Elements of the Mechanics of Materials and of Power of Trans- 
mission Svo, *2 50 

Lanza — Dynamics of Machinery Svo, *2 50 

Leonard — Machine Shop Tools and Methods Svj, 4 00 

Levin — Modern Gas Bugine and the Gas Producer Svo, *4 00 

Lorenz — Modern Refrigerating Machinery. (Pope, Haves, and Dean.) 

Svo. *4 00 
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MacCord — Kinematics; or. Practical Mechanism 8vo, $5 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams 8vo, 1 50 

MacFarland — Standard Reduction Factors for Gases 8vo, 1 50 

Mahan — Industrial Drawing. (Thompson.) 8vo, 3 50 

Mbhrtens — Gas Engine Theory and Design Small 8vo, 2 50 

Oberg — Handbook of Small Tools Small 8vo, 2 50 

Parshall and Hobart — Electric Machine Design. . .Small 4to. half leather,*12 50 
Peele — Compressed Air Plant. Second Edition, Revised and Enlarged. 8vo, *3 50 

Poole — Calorific Power of Fuels 8vo, 3 00 

Porter — Engineering Reminiscences, 1855 to 1882 8vo. *3 00 

RsiD — Mechanical Drawing. (Elementary and Advanced.) 8vo, *2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Richards — Compressed Air 12mo, 1 50 

Robinson — Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill — Elements of Mechanism 8vo, [ 3 00 

Smith (O.) — Press-working of Metals Svo, 3 00 

(A. W.) and Marx — Machine Design 8vo, 3 00 

Sorel — Carbureting and Combustion in Alcohol Engines. (Woodward and 

Preston.) Small 8vo, 3 00 

Stone — Practical Testing of Gas and Gas Meters Svo, 3 50 

Thurston — Animal as a Machine and Prime Motor, and the Laws of 

Energetics ' 12mo, 1 00 

Treatise on Friction and Lost Work in Machinery and Mill Work . . 8vo, 3 00 

TiLLsoN — Complete Automobile Instructor Ifimo, *1 50 

TiTSWORTH — Elements of Mechanical Drawing Oblong 8vo, *1 25 

Warren — Elements of Machine Construction and Drawing 8vo, 7 50 

Waterburv — Vest Pocket Hand-book of Mathematics for Engineers. 

2| X5| inches, mor., *! 00 

Enlarged Edition, Including Tables mor., *1 50 

Weisbach — Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.) . 8vo. 5 00 
Wood — Turbines 8vo, 2 50 

MATERIALS OF ENGINEERING. 

Bottler — German and American Varnish Making. (SAniN.) . . .Small Svo, *3 50 

Burr Elasticity and Resistance of the Materials of Engineering Svo, 7 .')<) 

Church — Mechanics of EnKineerins Svo, 6 00 

Mechanics of Solids (Being Parts I, II, III of Mechanic^ of Engineering). 

Svo, 4 60 
Fuller and Johnston — Applied Mechanics: 

Vol. I. Theory of Statics and Kinetics (In Press.) 

Vol. II. Strength of Materials {In Preparation.) 

Greene — Structural Mechanics Svo, *2 50 

HoLLEV — Analysis of Paint and Varnish Products Small Svo. *2 50 

Lead and Zinc Pigments Small Svo. *3 00 

Johnson (C. M.) — Rapid Methods for the Chemical Analysis of Special 

Steels, Steel-makinK Alloys and Graphite Small Svo, 3 00 

(J. B.) Materials of Construction Svo. 6 00 

Keep — Cast Iron Svo, 2 50 

King — Elements of the Mechanics of Materials and of Power of Trans- 
mission Svo, *2 50 

Lanza — Applied Mechanics Svo, 7 50 

Lowe — Paints for Steel Structures 12rao, 1 00 

Mai re — Modern Pigments and their Vehicles 12mo, 2 00 

Martin — Text-Book of Mechanic ^: 

Vol. I. Statics 12mo, *! 25 

Vol. II. Kinematics and Kinetics 12mo, *1 50 

Vol. III. Mechanics of Materials 12mo. *! 50 

Vol. IV. Applied Statics 12mo, *! 50 

Maurer — Technical Mechanics Svo, 4 00 

Mkrriman — Mechanics of Materials Svo, 5 00 

Strength of Materials 12mo. *1 00 

Metcalf — Steel. A Manual for Steel-users 12mOt 2 00 

MuRuocK — Strength of Materials 12nio, *2 00 
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Sabin — Industrial and Artistic Technology of Paint and Varnish 8vo, 

Smith (A. W.) — Materials of Machines 12mo. 

(H. E.)— Strength of Material 12mo, 

Thurston — Materials of Engineering 3 vols., 8vo, 

Part I. Non-metallic Materials of Engineering 8vo, 

Part II. «Iron and Steel 8vo, 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 

Waterbury — Laboratory Manual for Testing Materials of Construction. 

12mo. 

Wood (De V.) — Elements of Analytical Mechanics 8vo, 

Treatise on the Resistance of Materials and an Appendix on the Preser- 
vation of Timber 8vo, 

(M. P.) Rustless Coatings. Corrosion and Electrolysis of Iron and 
Steel 8vo, 
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STEAM-ENGINES AND BOILERS. 



Abraham — Steam Economy in the Sugar Factory. (Bavle.) . . . (In Press.) 
Berry — Temperature-entropy Diagram. Third Edition Revised and En- 
larged ! 12mo 

Carnot — Reflections on the Motive Power of Heat. (Thurston.).. . 12mo 

Chase — Art of Pattern Making 12mo 

Creighton — Steam-engine and other Heat Motors 8vo 

Dawson — " Engineering " and Electric Traction Pocket-book. ..16mo, mor. 

Gebharot — Sieam Power Plant Engineering 8vo 

Gos5» — Locomotive Performance 8vo 

Hemenway — Indicator Practice and Steam-engine Economy 12mo 

HiRSHKBLD and Barnard — Heat Power Engineering 8vo 

Button — Heat and Heat-engines 8vo 

Mechanical Engineering of Power Plants 8vo 

Kent — Steam Boiler Economy 8vo 

King — Steam Engineering {In Press,) 

Kneass — Practice and Theory of the Injector 8vo 

MacCord — Slide-valves 8vo 

Meyer — Modern I.<ocomotive Construction 4to 

Miller, Berry, and Riley — Problems in Thermodynamies. . . .8vo, paper. 

Mover — Steam Turbines 8 vo 

Pbadody — Manual of the Steam-engine Indicator 12mo 

Tables of the Properties of Steam and Other Vapors and Temperature- 
Entropy Table 8vo 

Thermodynamics of the Steam-engine and Other Heat-engines 8vo 

Thermodynamics of the Steam Turbine 8vo 

Valve-gears for Steam-engines 8vo 

and Miller — Steam-boilers 8vo 

Perkins — Introduction to General Thermodynamics 12mo 

PUPIN — Thermodynamics of Reversible Cycles in Gases and Saturated 

Vapors. (Osterberg.) 12mo 

Rbagan — Locomotives: Simple, Compound, and Electric. New Edition 

Small 8vo 

Sinclair — Locomotive Engine Running and Management 12mo 

Smart — Handbook of Engineering Laboratory Practice 12mo 

Snow — Steam-boiler Practice Svo 

Spangler — Notes on Thermodynamics 12mo 

Valve-gears 8vo 

Greene, and Marshall — Elements of Steam-engineering 8vo 

Thomas — Steam-turbines 8vo 

Thurston — Manual of Steam-boilers, their Designs, Constryction, and 

Operation 8vo 

Manual of the Steam-engine 2 vols.. 8vo 

Part I. History, Structure, and Theory 8vo 

Part II. Design, Construction, and Operation Svo 

Wsbrbnfbnnig — Analysis and Softening of Boiler Feed-water. (Patter 

SON.) Svo 

Wshbacb — Heat, Steam, and Steam-engines. (Du Bois.) Svo 

WKnmAli---6tesin-engine Design Svo 

I, Heat Motors, and Refrigerating Machines. . .Svo 
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MECHANICS PURE AND APPLIED. 

Church — Mechanics of Engineering .... 8vo, $6 00 

Mechanics of Solids (Being Parts I, XL, III of Mechanics of Engineering). 

8vo. 4 50 
Mechanics of Fluids (Being Part IV of Mechanics of Engineering*) . 8vo. 3 00 

Mechanics of Internal "Work 8vo, ■*! 50 

Notes and Examples in Mechanics Svo, 2 00 

Dana — Text-book of Elementary Mechanics for Colleges and Schools.. 12rao, 1 50 
Du Bois — Elementary Principles of Mechanics: 

Vol. I. Kinematics Svo, 3 50 

Vol. II. Statics , Svo, 4 00 

Mechanics of Engineering. Vol. I Small 4to, 7 50 

Vol. II Small 4to, 10 00 

Fuller and Johnston — Applied Mechanics: 

Vol. 1. Theory of Statics and Kinetics {In Press.) 

Vol. II. Strength of Materials {In Preparation.) 

Greene — Structural Mechanics Svo, *2 50 

Hartmann — Elementary Mechanics for Engineering Students 12mo, *1 25 

James — Kinematics of a Point and the Rational Mechanics of i Particle. 

Small Svo, 2 00 

Johnson (W. W.) Theoretical Mechanics 12mo. *3 00 

King — Elements of the Mechanics of Materials and of Power of Trans- 
mission Svo, *2 50 

KoTTCAMP — Exercises for the Applied Mechanics Laboratory, Loose Leaf 

Laboratory Manual Oblong 4to, paper, *1 00 

Lanza — Applied Mechanics Svo, 7 50 

Martin — Text Book of Mechanics: 

Vol. I. Statics 12mo. *l 25 

Vol. II. Kinematics and Kinetics 12mo, ■*! 60 

Vol. III. Mechanics of Materials 12mo, *I 50 

Vol. IV. Applied Statics 12mo, *! 50 

Maurbr — Technical Mechanics Svo, 4 00 

Merriman — Elements of Mechanics 12mo, *1 00 

Mechanics of Materials Svo, 5 00 

MiCHiE — Elements of AnaWtical Mechanics Svo, '*4 00 

Robinson — Principles of "Mechanism Svo, 3 00 

Sanborn — Mechanics Problems Small Svo, *1 50 

S( HWAMB and Merrill — Elements of Mechanism Svo, 3 00 

Woon — Elements of Analytical Mechanics Svo. 3 00 

Principles of Elementary Mechanics 12mo, 1 25 

MEDICAL. 

Abderhalpkn — Physiological Chemistry in Thirty Lectures. (Hall and 

Dkfren.) Svo, ♦o 00 

VON Bkhring — Suppression of Tuberculosis. (Bolduan.) 12mo, 1 00 

BoLDUAN — Immune Sera 12mo, *1 50 

BoKDKT — Studies in Immunity. (Gay.) Svo, G 00 

CiiAPiN — The Sources and Modes of Infection Small Svo, *3 00 

CouNHEiM — Enzymes l2mo. *1 50 

D.vvenport — Statistical Methods with Special Reference to Biological Varia- 
tions 16mo, mor., 1 50 

Effront — Enzymes and Their Applications. (Prescott.) Svo, 3 00 

Ehrlich — Stu'lies on Immunity. (Boldian.) Svo, 6 00 

EiLKR — General Chemistry of the Enzymes. (Pope.) Svo, *3 00 

Fischer — Nephritis Small Svo, ^2 50 

Oedema Svo, ^2 00 

Physiology of Alimentation Small Svo. *2 00 

DE FuRSAC — Manual of Psychiatry'. (Rosanoff and Collins.) . Small Svo, *2 50 

Ftllkr — Qualitalive Analysis of Medicinal Preparations 12mo, *1 50 

ITammarsten — Text-bf)ok on Physiolo^^ical Chemistry. ( Mandf.i.). . . .Svo, *4 00 

Jackson — Directions for Laboratory Wcjrk in Physiological Chemistry . Svo, 1 25 

Lassak-Cohn — Praxis of Urinary Analysis. CLcjrknz.^ 12mo. 1 00 

LArFFFR — Electrii-al Injuries IGmo. "^O 50 

Mandel — Hand-book for the Bio-Chemical Laboratory 12mo, 1 50 
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Martin — Measurement of Induction Shocks 12rio, ^1 25 

Nelson — Analysis of Drugs and Medicines 12mo, ^3 00 

Pauli — Physical Chemistry in the Service of Medicine. (Fischer.) . . . 12mo. *1 25 
Pozzi-EscoT — Toxins and Venoms and their Antibodies. (CoiiN.) . . . 12mo. *I 00 

RosTOSKi — Serum Diagnoms. (Bolduan.) I2mo, 1 00 

RuDDiMAN — Incompatibilities in Prescriptions 8vo, 2 00 

Whys in Pharmacy 12mo, I 00 

Salkowski — Physiological and Pathological Chemistry. (Orndorff.) . 8vo, 2 50 

Satterleb — Outlines of Human Embryology 12mo, *! 25 

SMiTif — Lecture Notes on Chemistry for Dental Students 8vo, *2 50 

Whipple— Typhoid Fever Small 8vo. ♦S 00 

WooDHLT-L — Military Hygiene for Officers of the Line Small 8vo, *1 50 

Pcrs'jnal Hygiene 12mo, *! 00 

Worcester and Atkinson — Small Hospitals Establishment and Mainte- 
nance, and Suggestions for Hospital Architecture, with Plans for a 
Small Hospital 12mo. 1 25 

METALLURGY. 

• 

Betts — Lead Refining by Electrolysis 8vo, 4 00 

Holland — Encyclopedia of Founding and Dictionary of Foundry Terms 

used in the Practice of Moulding 12mo, 3 00 

Iron Founder 12mo, 2 50 

BoRCHERS — Metallurgy. (Hall and Hayward.) 8vo, *3 00 

Burgess and Le Chatehek — Measurement of High Temperatures. Third 

Edition 8vo, ♦4^00 

Douglas — Untechnical Addresses on Technical Subjects 12mo, 1 00 

GoESEL — Minerals andjMetals: A Reference Book lOmo, mor., 3 00 

Iles — Lead-smelting 12mo, *2 50 

Johnson — Rapid Methods for the Chemical Analysis ot Special Stt-c'.s. 

SteeVmaking Alloys and Graphite Large, 12niu, 3 00 

Keep — Cast Iron Svo. 2 50 

Metcalf — Steel. A Manual for Steel-users rime, 2 00 

Minet — Production of Aluminum and its Industrial Use. (Waldo.).. 12mo, 2 50 

Palmer — Foundry Practice Small Svo, *2 00 

Price and Meade — Technical Analysis of Brass 12mo, *2 00 

Rodenhauser and Schoenawa — Electric Furnaces in the Iron and Steel 

Influstry. (Vom Baur.) {In Prc\s ) 

RuER — Elements of Metallography. (Matiiewson.) Svo, *3 00 

Smith — Materials of Machines 12mo, 1 (X) 

Tate and Stone — Foundry Practice 12mo, 2 (K) 

Thurston — Materials of EnpinecrinR. In Three Parts 8vo, 8 00 

Part I. Non-metallic Materials of Engineering, see Civil Engineering, 

page 9. 

Part II. Iron and Steel .^ Svo, 3 50 

Part TIL A Treatise on Brasses, Bronzes, and Other Alloys''and Their 

Constituents 8vo, 2 .')0 

Ulkb — Modern Electrolytic Copper Refining Svo, 3 00 

West — American Foundry Practice 12mo, 2 50 

Moulders' Te.^t Book 12mo, 2 50 

MILITARY AND MARINE ENQINEERINQo 

ARMY AND NAVY. 

Bernadou — Smokeless Powder, Nitro-cellulose, and the Theory of the Cellu- 
lose Molecule 12mo, 2 50 

Chase — Art of Paiiern Making 12mo, 2 50 

Screw Propellers and Marine Propulsion 8vo, 3 (X) 

Cloke — Enlisted Si)ecialists' Examiner Svo, ♦2 00 

(funner's Examiner Svo. *! .'>0 

Craig — Azimuth 4to, 3 oO 

Crehork and Squier — Polarizing Photo-chronograph Svo, 3 00 

Davis — Elements of Law Svo. ^2 50 

Treatise on the Military Law of Unite<l States Svo, *7 00 
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Dudley — Military Law and the Procedure of Courts-martial. . ..Small 8vo, *2 50 

DuRAND — Resistance and Propulsion of Ships 8vo, 5 00 

Dyer — Handbook of Light Artillery 12mo, *3 00 

EISSLER — Modern High Explosives 8vo, 4 00 

PiBBEGER — Text-book on Field Fortification Small 8vo, *2 00 

Hamilton and Bond — The Gunner's Catechism 18mo, 1 00 

HoFF — Elementary Naval Tactics 8vo. *1 50 

Ingalls — Handbook of Problems in Direct Fire 8vo, 4 00 

Interior Ballistics 8vo, "^S 00 

LisSAK — Ordnance and Gunnery 8vo, *0 00 

Ludlow — Logarithmic and Trigonometric Tables 8vo. *1 00 

Lyons — Treatise on Electromagnetic Phenomena. Vols. L and IL, 8vo. each. *r» 00 

Mahan — Permanent Fortifications. (Mercur) 8vo, half mor., ♦? 50 

Manual for Courts-martial 16mo, mor., 1 50 

Mercur — Attack of Fortified Places 12mo J*2 00 

Elements of the Art of War 8vo, *4 00 

Nixon — Adjutants' Manual 24mo, 1 00 

Peabody — Naval Architecture 8vo. 7 50 

Propellers 8vo, 1 25 

Phelps — Practical Marine Surveying 8vo, *2 50 

Putnam — Nautical Charts 8vo, 2 00 

Rust — Ex-meridian Altitude, Azimuth and Star- Finding Tables 8vo, 5 00 

Selkirk — Catechism of Manual of Guard Duty 24mo, *0 50 

Sharpe — Art of Subsisting Armies in War 18mo. mot., 1 50 

Taylor — Speed and Power of Ships. 2 vols. Text 8vo, plates oblong 4to, *7 50 
Tu PES and Poole — Manual of Bayonet Exercise and Musketry Fencing. 

24 mo, leather, ♦O 50 

Weaver — Military Explosives 8vo, *3 00 

Woodiiull — Military Hygiene for Officers of the Line Small 8vo, *1 50 



MINERALOGY. 



Browning — Introduction to Rarer Elements 8vo, *1 

Brush — Manual of Determinative Mineralogy. (Penfield.) 8vo, 4 

BuTLKR — Pocket Hand-book of Blowpipe Analysis 16mo, "^O 

Pocket Hand-book of Minerals 16mo, mor., 3 

CnKMKK Ciitaloyue of Minerals 8vo. paper. 1 

Cloth, 1 

Ckani:- -Ciolil ami Silvor 8vo, *5 

Dana- - First Apj^i^inlix \.o Dana's Ni-w " Syslt-Tii of Miiu'raloKy.". Large Svo. 1 
Soi'oiul -\pptinlix to Dana's Nrw " System of Mineralogy." Large 8vo, 1 

Manual of Minoralo^jy. ^FoRO.) 12mo, ^2 

Minerals, and How to Study Them 12mo. 1 

System of Mineralo^^y Larjio Svo. half leather, 12 

Te\t-bo<>k of MineraloK^y Svo, 4 

D:>i'c;i. \^ Untechn'i\'\l -Vdclrcsses un Technieal Sulie.t ; '. 12mo. 1 

Eaki.k -Mineral Tables Svo. 1 

KiKKi. — Huililin« Stones an>l Clays Svo, *.'? 

Ctoknki. — Minerals am' Metals: .\ Rrt\T«.i;-e Hook IGmo. mor., 'A 

CiKi»in — The Optieal Properties oi Oyslals. \] v^Ksov. Svo. *3 

IntroiUietii'!'. to (.'hemiial Crvsta!l>'mapl:\-. » Maumiai.i.. ) 12mo, 1 



HAVKS--Hanill'ook lor Fi«.M CiO'-lo^i'stb Uimo. mor 



1 



I'.>1)Inh;s -lv;r.e«>n-i R-nks Svo, .> 

Roek MiTier;.!-: Svo. 5 

Joji vnnsi:n - Deiermina'.i-. n -M Ri>v'K-:">)rmi:K; Minerals i'l Thi:; Sectit^ns. Svo. 

Wit'n Thu.'n*> Index, 5 

Small Svo. *! 

•■.•.(.■ Ar.i".: <:- wjth the Hl'-i\vpipc.I2mo, ♦o 

•A:r 0<.- wm.r. V ar.d Uses Svo, 4 

.^r.i'.i' •". Sv<\ o 

De:er:r.::-..it !\ o M;:xr.»! -.-v i- '. Rr. r '. of Mip 



l.KWls — De*er:r,:nat'.ve Mi'ur.il cv 
M VKllN l.aV<'r.i:>-rv (.•v.i>'>- '.• ■ *Jv.;t'.; 
MkkkiI! No:-.-::.e'.i'.lio Mi:.e'.i'.>: 
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RlB9— Building Stones and Clay Products 8vo,*S3 00 

Clays: Their Occurrence. Properties and Uses 8vo, *5 00 

and Leighton — History of the piay^workin^ Industry of the United 

States 8vo, *2 50 

RowE — Practical Mineralogy Simplified 12mo, *1 25 

Tillman — Text-book of Important Minerals and Rocks 8vo. *2 00 

Washington — Manual of the Chemical Analysis of Rocks 8vo, 2 00 



MINING. 

BsARD— Mine Gases and Explosions Small 8vo, *3 00 

Brunswig — Explosive:}. (Munroe and Kiblbr.) Ready Fall, 1912" 

Crane— Gold and Silver 8vo. ♦S 00 

Index of Mining Engineering Literature, Vol. 1 8vo, ^4 00 

8vo, mor., *£ 00 

Vol. II 8vo. *'d 00 

8vo, mor., *4 00 

Ore Mining Methods 8vo, ♦» 00 

Dana and Saunders— Rock Drilling 8vo, ^4 00 

Douglas — Untechnical Addresses on Technical Subjects 12rao, 1 00 

EISSLER — Modem High Explosives 8vo, 4 00 

Gilbert, Wightman and Sau.ndkrs — Subways and Tunnels of New York. 

Svo, ^4 00 

GoESEL — Minerals and Metals: A Reference Book Ifimo, mor., 3 00 

Iblseng — Manual of Mining Rvo, 6 00 

Iles— Lead Smelting l2mo, *2 50 

Peele — Compressed Air Plant Hvo. *3 60 

RiEMBR — Shaft Sinking under Difficult Conditions. (Corning and Pkele.) 

Svo. 3 00 

Weaver — Military Explosives Svo, *3 00 

Wilson — Hydraulic and Placer Mining I'Jmo, 2 oO 

Treatise on Practical and Theoretical Mine Ventilation 12mo. 1 25 



SANITARY SCIENCE. 

Association of State and National Food and Dairv Departments, 

Hartford Meeting. 190»i Svo, 3 00 

Jamestown MecunK. HM)7 Svo, 3 (X) 

Bashore — Outlines of Practical Sanitation 12mo, *I 25 

Sanitation of a Country Ilou^ic 12mo, 1 00 

Sanitation of Recreation Camps and Parks 12m<), 1 (K) 

Polwell — Sewerage. (Designing, Construction, and Maintenance.). . .Hvo, 3 (K) 

Water-supply Engineering Hvo, 4 (M) 

Fowler — Sewage Works Analyses 12mn. 2 OD 

PUERTBS — Water-filtration Works 12mo, 2 50 

Gerhard — Guide to Sanitary Inspections 12mi>. 1 .'lO 

Modem Baths and Bath Houses Svo. ^3 (M) 

Sanitation of Public Buildings 12mo, 1 50 

The Water Supply, Sewerajje, and Plumbing of Modern City BuiUHiu;s- 

Hvo. ^4 W 

Ha2EN — Clean Water and How to C ict It Small Svo, I .50 

Filtration of Public Water-supi>lics Hvo, 3 (M) 

KINNICUTT, WiNSLOVV and Pkait — Sewage Disposal Hvo. ^3 00 

Leach — Inspection and Analysis of Food with Special RcftT'.'nte t<» State 

Control Hvo, 7 50 

Mason — Examination of Water. (Chemical an<l Bactcrioiotrnal.). . .iL'ino. 1 25 

Water-supply. (Considered principally from a Sanitary St imlpoiiit.) 

Svo, 4 00 

Mrrri.man — Elements of Sanitary Engineering Hvo. *2 OO 

Ogden — Sewer Cf.nstruction Hvo, 3 00 

Sewer Design 12ino, 2 00 

Ogden and Cleveland — Practical Methods of Sewage I)isp..sal iov Rrs- 

idences. Hotels and Institutions Hvo, *1 50 

Parsons — Disposal of Municipal Refuse 8vu, 2 00 
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PRBSCOTT and Winslow — Elements of Water Bacteriology, with Special 

Reference to Sanitary Water Analysis 12mo. Si 50 

Price — Handbook on Sanitation 12mo, *1 50 

Richards — Conservation by Sanitation 8vo, 2 50 

Cost of Cleanness 12mo, 1 00 

Cost of Food. A Study in Dietaries 12nio, 1 00 

Cost of Living as Modified by Sanitary Science 12nio, 1 00 

Cost of Shelter 12mo, 1 00 

Laboratory Notes on Industrial Water Analysis 8vo, *0 50 

Richards and Woodman — Air, Water, and Food from a Sanitary Stand- 
point 8vo, 2 00 

RiCHBY — Plumbers', Steam-fitters', and Tinners' Edition (Building Mechan- 

^ ics' Ready Reference Series) 16mo, mor., *1 60 

R IDEAL — Disinfection and the Preservation of Food 8vo, 4 00 

SoPKR — Air and Ventilation of Subways 12mo, 2 50 

Turnkaure and Russkll — Public Water-supplies 8vo. 5 00 

Venablb — GarbaRc Crematories in America 8vo, 2 00 

Method and Devices for Bacterial Treatment of Sewage 8vo, 3 00 

Ward and Whipple — Freshwater Biology (In Press.) 

Whipple — Microscopy of Drinking-water 8vo, 3 50 

Typhoid Fever Small 8vo. *3 00 

Value of Pure Water Small 8vo, 1 00 



MISCELLANEOUS. 

Burt — Railway Station Service 12mo. *2 00 

Chapin — How to Enamel 12mo. *! 00 

Emmons — GeoloKioal Guide-book of the Rocky Mountain Excursion of the 

International Ccmgress of Geologists Large 8vo, 1 50 

Ferrel — Popular Treatise on the Winds 8vo, 4 00 

Fitzgerald — Boston Machinist 18mo. 1 00 

Fritz — Autobiography of John Svo. *2 00 

iVvNNETT — Statistical Abstract of the World 24mo, 75 

Grkkn —Elementary Hebrew Grammar 12mo. 1 25 

Haines — Americati Railway Management 12mo. 2 50 

H.VNAUSKK — The Micrt.>soopy of Technical Products. (Winton.> Svo. 5 00 

.l.voms — Uottormont Briefs. A Collection of Published Papers or. Ortan- 

ired In'liistri.il EtV.oienoy >vo, 3 50 

Mkixwi.tk — C.^^t of Manufactures, and the -\..lministration of \V:^:k<h': ps. 

>v.;.. 5 «>1 

P\RKinK'^T--Aiv'>'ii ''. Meth vis of Scier.titic Management >v ... ♦J <X) 

PxiNVM -N.n'.--.v .: V h.irts ... Svo. 2 (K) 

Riv'KKiis- -H;>ti^rv d Ren^-e'.aer Poivlechnic Institute. lS24-lv;*4. 

Sn-.aV <v-.. 3 00 
RoTvH an«i P.vi MrK---Cha:ts of the Atmosphere f.-r Aeronauts an ! Av:.\t r?. 

Oi: nc 4tj. ^2 O^ 

Kv^Tin KH VM K.-t'ph.i<i<e«l New Test.iment .... L^rgie **•.:■. 2 *» 

R\s: K\-M« ri«v. -.n .\'t::-v:>-.e. Ar-nu:th an.i Star-:*.n.'.::.K Tit'.cs . . . >v:. o t*! 

St vNovv.i - nec.^r.\t-^n c! \V.. '.. r»:ass. Mtt.'.:. etc IJmr. 2 '"3 

WiNTr KMvn K — rv-n-.pfr. ;-.ur-. of Gener.i'. Botany. vSohneii>er.' <v.-. 2 «» 

WiNsiow — Elements o: Applied Microscopy 12=io, 1 30 
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